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SUMMARY 


This  report  describes  the  design,  analyses,  and  experimental  evaluations  of 
a  transpiration -cooled  single-stage  axial  flow  turbine  component  capable  of 
operation  at  an  average  turbine  inlet  temperature  of  2500*F  and  suitable 
for  use  in  a  gas  generator  with  a  compressor  of  8  to  10  pressure  ratio  and 
an  airflow  of  4  poinds  per  second.  Additional  design  objectives  Included 
90  percent  turbine  adiabatic  efficiency  and  a  turbine  work  of  140  BTU  per 
pound  of  airflow. 

The  turbine  component  design  and  the  rotating  test  rig  design  completed 
during  Phase  I  will  be  fabricated  and  tested  in  Phase  II  of  this  program  to 
demonstrate  the  performance  characteristics  and  high-temperature  capability 
of  the  turbine. 

Various  experimental  evaluations  were  performed  to  determine  airfoil  form¬ 
ing  characteristics  of  high-temperature  materials,  to  investigate  blade 
strut  fabrication  techniques,  to  perfect  strut-to-airfoil  attachment  tech¬ 
niques,  and  to  prove  the  high-temperature  feasibility  of  the  selected  air¬ 
foil  design. 

An  eighth  blade  two-dimensional  cascade  test  was  run  for  approximately  14 
hours  utilizing  blades  fabricated  to  the  proposed  design  and  included  a 
1.5-hour  test  run  at  an  average  gas  temperature  of  2560“F.  The  temperature 
profile  produced  by  the  combustor  during  this  run  exposed  some  blades  in 
the  cascade  to  average  temperatures  as  high  as  2900°F.  All  airfoils  tested 
were  visually  Inspected  and  found  to  be  in  satisfactory  condition.  Cooling 
airflow  checks  were  also  made  before  and  after  the  teBt,  and  results  Indicate 
very  little  change  in  skin  porosity.  Blade  temperature  data  obtained  dur¬ 
ing  the  cascade  tenting  also  substantiated  the  thermal  analysis  design 
predictions . 

It  was  concluded  during  the  Phase  I  period  that  fabrication  techniques, 
materials,  analytical  methods,  design  information,  and  teot  facilities  were 
sufficiently  advanced  to  warrant  the  continued  development  of  this  advanced 
hlgh-tempvrature  turbine  component  for  small  gas  turbine  engines. 
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FOREWORD 


The  work  reported  herein  is  in  partial  fulfillment  of  Contract 
DA  44-177-AMC-182 (T) ,  which  was  conducted  by  the  U.S,  Army  Avi¬ 
ation  Materiel  Laboratories,  Fort  Eustis,  Virginia.  It  repre¬ 
sents  the  design  and  evaluation  work  accomplished  during  Phase 
I  of  subject  contract  which  was  continued  and  completed  in 
Phase  II. 
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1.0  INTRODUCTION 


There  is  a  requirement  In  the  field  of  email  gaa  turbines  for  advancement 
of  component  technology  to  permit  the  future  development  of  small,  light¬ 
weight,  high-performance  turboshaft  engines.  This  technology  will  provide 
background  for  future  aircraft  propulsive  units,  advanced  ground  vehicle 
power  plants,  and  stationary  power  units  as  well. 

Significant  work  has  been  done  with  large  turbine  engines  in  improving 
engine  component  efficiencies,  increasing  cycle  pressure  ratio,  increasing 
turbine  inlet  temperatures,  and  developing  lightweight  high-effectiveness 
regenerators  in  order  to  improve  the  overall  power  plant  performance.  The 
objective  of  the  current  development  effort  sponsored  by  the  U.S.  Army  is 
to  advance  the  state  of  the  art  in  these  same  areas  to  improve  the  available 
technology  for  small  engines. 

The  use  of  high  turbine  inlet  temperatures  (2500®F)  has  long  been  a  goal  of 
engine  designers,  because  in  advanced  cycle  power  plant  systems,  the  horse¬ 
power  available  will  more  than  double,  and  the  specific  fuel  consumption 
will  be  substantially  reduced  over  engines  designed  with  the  restrictions  of 
currently  available  technology.  The  specific  objective  of  the  U.S.  Army 
program  reported  herein  is  the  development  of  a  single-stage,  axial -flow, 
transpiration-cooled  turbine  component  capable  of  operation  at  2500#F  aver¬ 
age  turbine  inlet  temperature  and  improved  component  efficiency. 

The  Curtiss-Wright  Corporation  has  developed  the  technology  of  a  variety  of 
high- temperature  components  over  the  past  10  years;  in  particular,  the 
work  conducted  on  cooled  turbine  components  for  the  U.S.  Navy  and  the  FAA 
has  materially  advanetd  the  state  of  the  art.  Over  150  hours  of  full- 
scale  engine  tests  have  been  completed  at  an  average  turbine  inlet  tempera¬ 
ture  of  2500°F  and  have  provided  invaluable  experience  for  the  work  being 
conducted  on  this  program  for  small  turbine  engines. 

One  of  the  important  aspects  to  be  considered  in  a  high-temperature  turbine 
design  is  the  selection  of  the  blade  cooling  method.  The  fundamental  ther¬ 
mal  characteristics  of  a  blade,  average  metal  temperature,  temperature 
gradients,  gaa  temperature  profiles,  and  coolant  requirements  are  unique 
functions  of  the  cooling  method  selected  and  the  design  turbine  inlet 
temperature.  Transpiration  cooling,  which  was  chosen  for  application  to 
the  small  turbine  under  consideration,  is  a  process  where  cooling  air  bled 
from  the.  compressor  exit  is  diffused  through  a  porous  structure  surround¬ 
ing  the  turbine  blade  into  the  boundary  layer  on  the  hot  gas  side.  Having 
cooled  the  porous  walls,  the  coolant  then  forms  a  relatively  cool  film 
which  insulates  the  gas  side  airfoil  from  the  hot  gas  stream  and  maintains 
the  structure  at  temperatures  substantially  below  that  of  the  external  gas. 
The  cooling  action  in  the  transpiration  method  depends  on  three  factors: 

1.  Heat  sink  value  of  coolant 

2.  Reduced  frictional  heat  generation  due  to  reduced  surface 
velocity  gradients 
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3.  Reduced  conductive  heat  flux  into  blade  surface  due  to  change  in 
temperature  profile  shape  by  mass  transfer  flow 

Results  of  numerous  analytical  and  experimental  studies  conducted  at 
Government  agencies,  at  private  institutions, and  at  Curtiss-Wright  show  that 
the  transpiration  cooling  method  is  the  most  efficient  in  terms  of  degree 
of  cooling  with  a  given  expenditure  of  coolant  in  both  laminar  and  turbu¬ 
lent  flow  regions.  In  addition,  the  superiority  of  transpiration  cooling 
Increases  as  the  local  gas  temperature  is  raised.  Transpiration-cooled 
blading  has  been  shown  also  to  have  the  capability  of  accepting  wide  ranges 
in  positive  and  negative  gas  Incidence  angles  with  no  detrimental  thermal 
effects  at  the  critical  leading  edge.  The  coolant  flow  and  the  leading- 
edge  temperature  are  almost  insensitive  to  a  shifting  stagnation  point  at 
stator  or  rotor  leading  edges.  It  is  obvious  that  this  feature  is  partic¬ 
ularly  important  in  the  thermal  consideration  of  high-temperature  variable- 
geometry  turbine  designs. 

The  advanced  technology  developed  at  C-W  on  transpiration-cooled  turbine 
blades  has  been  applied  to  the  design  and  evaluation  of  a  small  turbine 
component  and  Incorporated  into  a  rotating  test  rig  during  the  Phase  I 
period.  The  detail  design  analysis  (of  this  turbine  component)  is  the  sub¬ 
ject  of  this  report  and  describes  the  performance  characteristics  expected 
during  operation  and  test  in  Phase  II.  In  addition  to  the  analytical  de¬ 
sign,  various  experimental  evaluations  were  made  also  to  confirm  the  design 
feasibility: 

1.  Airfoil  forming  characteristics 

2.  Strut  fabrication 

3.  Airfoil -to-strut  attachment  methods 

A.  Test  of  prototype  stator  blades  in  two-dimensional  cascade. 
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2.0  TURBINE  AERODYNAMIC  ANALYTICAL  DESIGN 


An  aerodynamic -thermodynamic  design  study  of  a  single-stage  transpiration- 
cooled  turbine  component  having  the  following  sea  level  static  performance 
characteristics  as  its  design  goal  was  completed: 


1.  Turbine  work 

2.  Temperature,  inlet,  total  average 

3.  Pressure,  inlet,  total 

•*' .  Efficiency,  adiabatic, 
total-to-total,  design 

5.  Turbine  airflow 

6.  Cooling  airflow,  rotor  blade 

7.  Cooling  airflow,  stator  blade 


140  Btu/ pound 

2500#F 

2960#R 

112.9  psla 

90Z 

4  pounds/second 
3-5Z  of  total  airflow 
3-5Z  of  total  airflow 


The  design  parameters  were  established  to  provide  a  turbine  stage  capable 
of  driving  an  8  to  1  pressure  ratio  compressor  to  form  the  basis  of  an  ad¬ 
vanced  turbine  engine  in  the  500-1000  horsepower  class.  The  information 
developed  in  the  analytical  study  is  incorporated  into  the  design  of  an  ad¬ 
vanced  turbine  for  experimental  testing  to  demonstrate  high-turbine-inlet- 
temperature  technology. 


2.1  TURBINE  AERODYNAMIC- THERMODYNAMIC  DESIGN 

2.1.1  Thermodynamic  Cong  Ida  rat  Ions 


AC  the  beginning  of  Phase  1,  *  study  was  initiated  to  define  the  turbine  com* 
ponent  to  be  developed  and  to  review  the  turbine  thermodynamic  analysis  that 
had  been  performed  previously.  This  preliminary  analysis  assumed  that  the 
turbine  annulus  was  unflared  (constant  O.D.  and  constant  I.D.)  and  provided 
a  high  absolute  rotor  discharge  Mach  number  of  0.61.  This  value  was  con¬ 
sidered  to  be  higher  than  desirable  in  a  turbine  of  this  type;  to  reduce  this 
outlet  Mach  number,  the  rotor  exit  area  was  increased  from  a  value  of  10.089 
square  inches  to  a  larger  one  of  12.252  square  inches.  In  this  preliminary 
stage,  it  was  assumed  that  the  rotor  annular  area  change  was  achieved  by 
flaring  both  the  inner  and  the  outer  walls  to  achieve  the  new  outlet  area. 

This  change  in  flow  passage  reduced  the  outlet  Mach  number  in  question  to 
an  acceptable  value  of  0.45. 

This  basic  design  concept  was  then  further  refined  using  existing  C-W-devel- 
oped  computer  techniques  for  high- temperature  turbine  technology.  The  basic 
objective  of  this  optimization  investigation  was  to  establish  the  best  turbine 
configuration  consistent  with  high  efficiency,  mechanical  considerations,  and 
practicality  of  manufacture.  In  all,  20  separate  computer  design  runs  were 
made  in  this  optimization  study.  Eight  trials  were  performed  in  the  early 
review  and  twelve  more  were  made  in  the  final  analysis  to  determine  the  var¬ 
ious  characteristics  of  three  turbine  configurations  being  studied. 

Many  factors  require  consideration  in  a  design  of  this  type  in  order  to  ar¬ 
rive  at  the  optimum  configuration  for  a  specific  application.  For  example, 
to  achieve  high  efficiency  in  small  turbines,  minimum  tip  clearance  between 
rotor  tip  and  engine  casing  is  desirable.  While  this  can  be  accomplished  in 
a  flared  passage,  it  is  obviously  much  more  easily  accomplished  using  a 
straight-across  rotor,  which  also  allows  use  of  honeycomb  or  abradable  ma¬ 
terial  in  the  casing  wall  for  "run  in"  and  maintenance  of  small  tip  clearance. 
The  straight-across  rotor  also  provided  an  improvement  in  hub/tip  ratio,  since 
all  the  Increased  leaving  area  requirement  (flare)  was  achieved  by  reducing 
the  inner  diameter.  C-W  efficiency  assessment  procedures  Indicate  that  a  hub/ 
tip  ratio  in  excess  of  0.82  penalizes  turbine  performance  for  a  required  out¬ 
let  area,  reducing  the  Inside  diameter  to  achieve  the  necessary  flare  has  a 
greater  effect  on  hub/tip  ratio  than  increasing  the  outside  diameter.  There¬ 
fore,  the  I.D.  was  reduced  to  achieve  a  desirable  value  of  this  ratio. 

When  decreasing  the  hub  diameter  for  other  purposes,  consideration  must  be 
given  to  the  fact  that  this  reduction  in  diameter  increases  the  rotor  blade 
turning  in  these  root  sections  and  to  the  possibility  that  such  an  increase 
in  turning  will  produce  an  impulse  or  possibly  negative  reaction  condition. 
Increasing  the  rotor  outlet  whirl  provides  a  means  of  controlling  the  amount 
of  reaction  in  such  a  situation,  but  it  in  itself  can  reduce  the  rating  effi¬ 
ciency  as  determined  by  C-W  calculation  procedures. 

After  consideration  of  all  these  interrelated  criteria  as  well  as  to  those 
affecting  blade  mechanical  stresses  and  manufacturing  requirements,  a  final 
vector  diagram  (shown  in  Figure  1)  was  selected.  Figure  2  depicts  the  turbine 
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selected,  and  Table  I  defines  the  overall  dimensions.  From  Figure  2,  the 
method  to  be  used  for  treating  the  rotor  tip  clearance  should  be  noted.  As 
Indicated  previously,  It  is  desirable  to  have  a  constant  outer  diameter  so 
that  a  minimum  clearance  can  be  attained  to  reduce  losses.  In  addition,  it 
was  deemed  desirable  to  make  the  rotor  tip  inlet  dicmeter  larger  than  the 
exit  diameter  of  the  stator  to  insure  "capture"  and  further  minimize  tip 
losaes . 

Table  II  lists  the  turbine  design  point  thermodynamic  information,  and  Table 
III  lists  the  final  turbine  blade  design  data.  The  axial  chord  lengths  in¬ 
dicated  here  were  modified  slightly  from  those  presented  previously  to 
achieve  more  desirable  chordal  solidities. 

The  turbine  design  having  been  optimized  for  the  design  characteristics  chosen 
as  the  goal,  it  was  necessary  to  determine  the  conditions  for  test  in  the 
OW  turbine  facility.  The  test  point  was  selected  so  as  to  maintain  the 
same with  the  pressure  varying  to  be  compatible  with  the  present  air 
supply  pressure  capability.  It  was  assumed  that  the  same  turbine  inlet 
total  temperature  of  2500*F  would  be  maintained  for  both  design  and  test 
conditions . 

The  following  data  are  presented  to  compare  the  design  and  test  conditions: 


Design 

Test 

Turbine  Inlet  Temperature 

2500#F 

2500“F 

Shaft  Speed  rpm 

50,000 

50,000 

Pressure  Ratio 

2.35 

2.35 

Actual  A  h  (Btu/pound) 

140 

140 

Mass  Flow  Ent  Rotor  pps 

4.0 

3.01 

Stator  Inlet  Pressure  psla 

112.9 

85 

2.1.2  Turbins  Performance,  Off-Design 

The  predicted  turbine  performance  is  shown  in  Figure  3  in  terms  of  flow 
capacity  and  efficiency  versus  turbine  pressure  ratio.  The  efficiency 
plotted  is  the  so-called  "rating"  efficiency,  and  the  pressure  ratio  de¬ 
scribed  is  the  inlet  total  to  exit  total  measured  in  the  axial  direction. 
The  rating  efficiency  claims  no  credit  for  the  whirl  (tangential)  component 
of  the  absolute  velocity  leaving  the  turbine.  The  use  of  rating  efficiency 
is  felt  to  be  consistent  with  turbine  mapping  procedures,  since  the  map 
represents  turbine  operation  at  outlet  whirls  other  than  design.  In  the 
case  of  a  single-stage  turbine  in  a  jet  propulsion  engine,  outlet  whirl 
represents  energy  lost  for  propulsion.  In  a  multistage  turbine,  presumably 
outlet  whirl  can  be  utilized  by  the  following  stage  at  the  design  point  so 
that  a  true  total-to-total  pressure  ratio  would  properly  express  turbine 
efficiency.  However,  evrn  in  a  multistage  turbine  operating  off  design, 
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downstream  stage  stators  operate  at  othe-  >  design  inlet  angle  (inci¬ 
dence)  and  so  tend  to  demonstrate  lower  ...  cheir  single-stage  design  ef¬ 
ficiencies.  Consideration  must  also  be  given  to  the  spacing  between  stages 
or  to  struts  that  might  exist  between  the  compressor  turbine  and  the  power 
turbine.  Large  separations  between  stages  or  the  use  of  struts  would  argue 
well  for  the  use  of  rating  efficiency. 

The  90-percent  turbine  efficiency  design  goal  discussed  previously  is  as¬ 
sumed  to  be  the  total-to-total  efficiency,  and  the  equivalent  rating  effi¬ 
ciency  is  89  percent.  Rating  efficiency  is  usually  about  1-percent  less 
than  total-to-total  efficiency  for  moderate  rotor  exit  whirls  (10  degrees 
to  20  degrees).  The  map  of  Figure  3  predicts  88  percent  rating  efficiency 
at  design  pressure  ratio,  with  no  benefit  claimed  for  shrouds  or  close- 
clearance  rotors. 

Where  close  clearance  can  be  maintained  between  rotor  tip  and  casing  under 
hot  operating  conditions,  an  additional  1 -percent  efficiency  can  be  obtained 
Since  it  is  intended  to  test  the  present  turbine  at  close  tip  clearances,  a 
potential  rating  efficiency  of  89  percent,  or  approximately  90  percent  total 
to-total,  has  been  predicted  and  established  as  the  efficiency  goal. 

Additional  working  curves  of  the  off-design  performance  discussed  above  were 
prepared  and  are  Included  here  as  Figures  4  and  5.  In  one  case,  the  actual 
value  is  plotted  for  the  variable  parameters;  in  the  other,  the  same  para¬ 
meters  are  shown  plotted  as  a  percentage  of  the  design  value  for  the  turbine 
under  consideration. 

2.1.3  Efficiency  -  Design  Point 

The  IBM  program  used  for  designing  the  turbine  discussed  herein  computes 
all  the  velocity  diagram  quantities  at  hub,  mean,  and  tip  reference  radii 
utilizing  the  free  vortex  turbine  theory.  Provisions  for  computing  the 
velocity  diagrams  at  two  intermediate  radii  are  available  if  required  by 
blade  geometry.  The  thermodynamic  properties  of  gases  at  the  elevated  tem¬ 
peratures  in  question  are  computed  automatically  and  are  used  in  gas  dy¬ 
namic  equations  normally  employed  in  the  design  of  axial  flow  turbines. 

The  program  aiiio  haa  the  additional  flexibility  of  accepting  different  In¬ 
let  and  exit  air  weight  flows  for  each  blade  row;  thus,  mass  addition  or 
subtraction  can  be  accounted  for. 

Table  IV  illustrates  the  kind  of  information  obtained  using  the  previously 
mentioned  C-W  computer  program  (Section  2.1.1).  It  calculates  all  the  vec¬ 
tor  diagram  information  of  Figure  1.  Tables  V  and  VI  are  similar  calcula¬ 
tions  in  which  the  efficiency  has  been  revised  to  determine  the  effects  on 
various  vector  diagram  parameters.  It  will  be  noted  that  only  very  small 
differences  exist  in  the  vector  diagram  quantities,  such  as  stator  discharge 
velocity  (VI),  blade  angles,  Mach  numbers ,  and  pressure  ratios.  This  pro¬ 
vides  an  insight  into  the  test  instrumentation  requirements  and  the  neces¬ 
sity  for  accuracy  to  determine  accual  values  of  turbine  performance. 
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The  efficiency  prediction  method  that  is  part  of  the  design  calculation 
procedure  was  developed  by  C-W  using  loss  rules  based  on  cascade  blade 
data,  turbine^  component  data,  and  engine  test  data  generated  at 
C-W  r.a  well  as  at  other  U.S.  and  British  sources.  The  program  de¬ 
scribed  uses  an  iterative  procedure  to  calculate  the  adiabatic  and  rating 
efficiency  and  can  be  used,  alternatively,  with  a  prescribed  turbine  effi¬ 
ciency.  Table  VII  compares  measured  and  calculated  turbine  efficiency  for 
various  engines  and/or  turbine  components.  The  predicted  efficiencies 
utilizing  the  program  described  above  are  in  close  agreement  with  the  ac¬ 
tual  measured  values. 


The  stator  and  rotor  loss  coefficients  are  determined  using  the  proposed 
turbine  mean  diameter  values  for  the  blade  cascades  which  are  compared  to 
previous  test  data.  These  coefficients  are  then  modified  where  necessary 
for  other  than  optimum  hub/tip  ratio.  Blade  solidity,  shrouds,  thickness 
of  blade  trailing  edge,  tip  clearances ,  and  so  forth  can  be  accounted  for  by 
means  of  separate  efficiency  movements.  As  these  effects  are  included,  the 
program  recomputes  the  loss  coefficients.  Figure  6  shews  the  effect  of 
varying  the  stator  and  rotor  loss  coefficients  on  turbine  overall  total-to- 
total  adlabatla  efficiency.  This  figure  clearly  indicates  that  in  the  case 
of  this  particular  turbine,  efficiency  is  much  more  sensitive  to  stator 
loss  coefficient  than  rotor  coefficient  .  It  reflects  the  high  energy  level 
of  the  entering  gas  and  the  transonic  velocities  leaving  the  stator. 

The  stator  loss  coefficient  calculated  for  the  present  design  is  0.0780,  and 
the  rotor  coefficient  is  0.1135.  Loss  coefficient  is  defined  as  the  differ¬ 
ence  between  the  inlet  total  pressure  to  a  blede  row  and  the  outlet  total 
pressure  from  the  blade  row  divided  by  the  difference  between  the  outlet 
total  from  the  blade  row  and  the  static  pressure  at  blade  row  outlet,  or 


The  turbine  mapping  program  used  to  get  the  turbine  performance  maps 
(described  in  Section  2.1.2)  utilizes  the  output  cf  this  first  program 
(mean  diameter  values)  as  its  basic  input.  Additional  modifications  to  the 
loss  coefficients  are  made  for  changes  in  blade  incidence  angle  as  the  tur¬ 
bine  moves  "off -design"  over  the  wide,  range  of  operating  conditions  speci¬ 
fied  by  the  map. 


2.1.4  Blade  Aerod\ 


ale  Design 


The  number  of  blades  were  chosen  initially  based  on  the  method  of  Reference 
1.  This  method  fixes  the  axial  solidity  b/s,  which  with  an  axial  length  b 
leads  to  a  blade  number,  and  with  diagram  angles  leads  to  a  chordal  solidity. 
The  final  criteria  with  regard  to  blade  solidity  and  blade  shape  are  derived 
from  diffusion  factor.  Diffusion  factor  is  defined  as  velocity-before- 
acceleration  minus  velocity-after-deceleration  divided  by  velocity-before¬ 
acceleration.  The  velocity-before-acceleration  is  the  peak  blade  surface 
velocity  as  determined  from  a  velocity  distribution  analysis.  Suction  sur¬ 
face  D  factor  is  limited  to  a  value  of  0.25. 
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The  velocity  and  the  pressure  distribution  around  a  turbine  blade  are 
calculated  using  a  third  IBM  704  computer  program.  This  program  anal¬ 
yzes  the  "channel"  flow  between  the  blades  by  the  stream  filament  tech¬ 
nique.  The  program  is  briefly  outlined  as  follows: 

The  straight  lines  joining  the  point  of  tangency  of  an  inscribed  circle  in 
the  blade  passage  are  taken  to  be  the  potential  lines  normal  to  the  stream¬ 
lines.  For  a  two-dimensional  irrotatlonal  flow,  the  pressure  gradient 
across  the  blade  passage  and  normal  to  the  streamllnej  is  given  by  ^h 

jjt  *  rr»lc  (l) 


where  C  is  the  curvature  of  the  streamline.  It  is  assumed  that  from  one 
blade  surface  to  the  other  across  the  blade  passage,  the  curvature  of  the 
streamlines  varies  linearly.  It  is  clear,  of  course,  that  the  two  blade 
surfaces  represent  the  bounding  streamlines.  Hence, 


where  hc  Is  the  passage  width,  h  is  the  distance  along  the  potential  line 
measured  from  the  suction  side,  and  C8  and  C_  are  the  curvatures  of  the 
suction  and  pressure  side  of  the  passage,  respectively.  With  the  help  of 
the  lsentroplc  relationship, 


P 


t 


r 

r-  1 


(3) 


Equations  (1)  and  (2)  yield 


where  Vm  and  C,^  are  the  velocity  and  the  curvature  of  the  mean  streamline, 
respectively . 


The  total  pressure,  total  temperature,  and  radial  gradient  of  mass  flow  at 
the  Inlet  and  the  exit  are  known  from  turbine  performance  data.  The  stream- 
wlae  relative  total  pressure  loss  and  injected  mass  flow  gradient  are  a,i- 
sumed  to  be  disturbed  linearly  along  the  blade  passage.  From  these  values, 
the  average  velocity  for  a  potential  lln^  is  arrived  at  through  the 
relation 


Because  of  exponential  variation  in  velocity  across  the  blade  passage,  the 
average  velocity  arrived  at  by  continuity  la  different  from  the  mean  stream¬ 
line  velocity.  To  account  for  this,  the  following  relation  is  employed  in 
calculating  the  mean  streamline  velocity: 

V»  ■  ['«  +  <P  +  >j  (6) 

This  has  been  verified  graphically  with  good  agreement  between  values. 

With  the  help  of  equations  (A),  (5),  and  (6),  the  surface  velocities  at  both 
the  suction  and  the  pressure  side  are  determined.  Having  the  velocities,  the 
pressures  are  obtained  from  the  isentropic  relationships. 

The  leading-edge  portion  of  the  blade  is  treated  by  potential  flow  theory 
to  obtain  the  velocity  and  pressure  distribution  in  the  neighborhood  of  the 
stagnation  point. 

For  subsonic  velocities  leaving  the  blade,  on  the  overhang  portion,  the 
stream  filament  method  is  used  by  forming  a  passage  between  the  overhang  and 
a  line  extending  from  the  trailing  edge  of  the  adjacent  blade  at  an  angle 
equal  to  the  main  flow  air  angles.  For  supersonic  velocities  leaving  the 
suction  side  of  the  blades,  however,  the  velocity  distributions  are  deter¬ 
mined  from  test  results  of  cascades  of  different  solidities  for  different 
ratios  of  exit  static  pressure  to  inlet  total  pressure.  This  is  necessi¬ 
tated  by  the  shocks  present  as  the  supersonic  suction  side  flow  decelerates 
to  the  subsonic  main  velocity. 

Figure  7  shows  the  comparison  of  experimentally  determined  pressure 
distribution  and  that  computed  using  Log  905  IBM  program. 


Figures  8,  9,  and  10  show  the  stator  aerodynamic  sections  at  huh,  mean,  and 
tip,  respectively.  Figures  11,  12,  and  13  show  the  rotor  aerodynamic 
shapes  at  hub,  mean,  and  tip,  respectively.  Figure  14  gives  <ihe  stator 
static  pressure  distribution,  and  Figure  15  gives  the  stator  velocity  dis¬ 
tribution.  Figure  16  gives  the  rotor  static  pressure  distribution,  and 
Figure  17  gives  the  rotor  velocity  distribution.  In  both  stator  ard  rotor, 
pressure  differences  were  made  to  agree  with  design  momentum  differences, 
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TABLE  I 

OVERALL  TURBINE  DIMENSIONS  -  HOT 


-  - - 

BLADE  ROW 

NOZZLE 

ROTOR 

Inlet  Outer  Diameter 

6.541  in. 

6.581  in. 

Exit  Outer  Diameter 

6.541  in. 

6.581  in. 

Inlet  Inner  Diameter 

5.459  in. 

5.419  in. 

Exit  Inner  Diameter 

5.459  in. 

5.187  in. 

Inlet  (Hub/Tip)  Ratio 

0.8346 

0.823 

Exit  (Hub/Tip)  Ratio 

0.8346 

0.788 

Inlet  Annulus  Area 

10.1976  in.2 

10.9516  in. 

Exit  Annulus  Area 

10.1976  in.2 

12.8841  in. 

IOTE:  1  percent  reduction  in  above  annulus  areas  was  used  In  the  vector 

diagram  calculations  to  allow  for  boundary  layer  effects. 


TABLE  II 

TUR1MNE  DESIGN  DATA 


RPM 

50,000 

Weight  Flow  Entering  Stator 

3.846  pounda/aecond 

Total  Presaure  Entering 

Stator 

16,263  paf 

Total  Temperature  Entering  Stator 

3040*R  (2580°F) 

Total  Temperature  Leaving  Stator 

2960®R  (2500*F) 

Enthalpy  Drop 

140  Btu /pound 

Work  Factor  (at  Mean  Section) 

4.25 

Turbine  Adiabatic  Efficiency 

0.8826 

Turbine  Axial  Efficiency 

0.8757 

Total  Preaaure  Ratio 

2.3596 

Nozzle  Exit 

Rotor  Exit 

Vector  Diagram  Sect  HUB 

MEAN 

TIP 

HUB  MEAN 

TIP 

Diameter  (in.)  5.464 

6.000 

6.536 

5.194  5.884 

6.574 

Total  Temp  (°R)  2,960 

2,960 

2,960 

2,505  2,505 

2,505 

Static  Temp  (°R)  2,478 

2,507 

2,567 

2,434  2,435 

2,436 

Total  Preas  (paf)  15,500 

15,574 

15,653 

6,905  6,905 

6,904 

Static  Preaa  (paf)  6,410 

7,432 

8,300 

6,076  6,088 

6,097 

Work  Factor,  A—. 

uv*eJ 

' 

5.448  4.250 

3.403 

TABLE  III 

TURBINE  BLADE  DESIGN  DATA 


NOZZLE 

ROTOR 

Vector  Diagram  Section 

HUB 

MEAN 

TIP 

HUB 

MEAN 

TIP 

Blade  Design  Sect  Dia  (in.) 

5.464 

6.000 

6.536 

5.56 

5.884 

6.480 

Pitch,  S  (in.) 

0.7458 

0.8195 

0.893 

0.6718 

0.711 

0.783 

Chord,  C  (in.) 

1.26 

1.276 

1.302 

1.24 

1.214 

1.184 

Axial  Chord,  b  (in.) 

0.9384 

0.9380 

0.9380 

1.200 

1.142 

1.040 

Solidity,  C/S 

1.689 

1.557 

1.458 

1.846 

1.708 

1.512 

Axial  Solidity,  b/S 

1.255 

1.145 

1.050 

1.786 

1.606 

1.328 

Maximum  Thickness, 

t  (in.) 

max 

0.308 

0.300 

0.291 

0.260 

0.238 

0.206 

t  /C,  X 

max 

24.4 

23.5 

22.3 

21.0 

19.6 

17.4 

t  /b,  X 

max  ’ 

32.8 

32.0 

31.0 

21.7 

20.8 

19.8 

Trailing  Edge  Thickness , 
te 

0.03 

0.03 

0.03 

C  .03 

0.03 

0.03 

t  ,  X 

e/s 

4.02 

3.66 

3.36 

4.47 

4.22 

3.83 

Blade  Inlet  Angle,  0(deg) 

0 

0 

0 

53.6 

46.7 

39.4 

Incidence,  i  (deg) 

0 

0 

0 

+  .4 

+2.5 

-.2 

Blade  Exit  Angle,  02(deg) 

68.91 

66.3 

65.24 

57.5 

58.4 

60.0 

Deviation,  8  (deg) 

0 

+  .76 

+0 

-1.5 

-1.4 

-1.3 

Throat  Width,  (in.) 

0.2557 

0.307 

0.3576 

0.361 

0.376 

0.3915 

Unguided  Angle,  8(deg) 

5 

3.12 

5 

7.5 

8.5 

7.33 

Number  of  Blades 


23 


26 


TABLE  IV 

TURBINE  DESIGN  -  STANDARD  EFFICIENCY 


LOG  870.  TURBINE  DESIGN  PROGRAM. 

TRECOM  TURblNE  IH/TICC  EQUALS  1.0  4  28  65 


TURBINE  OVERALL  PERFORMANCE. 


ROTATIONAL  SPEED. 

■50000.0000 

WEIGHT  FLOW.  INLET. 

■  4.0000 

WEIGHT  FLOW.  OUTLET. 

■  4.1667 

PRESSURE  RATIO. 

-  2.3596 

ENTHALPY  DROP. 

“  -140.0000 

ADIABATIC  EFFICIENCY. 

-  0.8826 

RATING  EFFICIENCY. 

■  0.8757 

TOTAL  PRESSURE.  INLET. 

-  112.9374 

total  pressure,  outlet. 

■  47.8636 

total  temperature,  inlet. 

■  2960.0000 

TOTAL  TEMPERATURE.  OUTLET. 

■  2504.8671 

AWNULUS  AREA.  ROTOR  INLET. 

■  10.0956 

ANNULUS  AREA.  ROTOR  OUTLET. 

■  12.7553 

LOSS  COEFFICIENT.  NOZZLE. 

■  0.0780 

LOSS  coefficient.  ROTOR. 

■  0.1135 

HUB/TIP  DIAMETER  RATIO. 

-  0.8361 

blade  height 

-  0.5356 

IW*ROOT ( T )/PI  IN 

■  1.9269 

<W»ROOT(T)/P)  OUT 

•  4.3569 

!W*N/P) 

*  1770.8925 

CENTRIFUGAL  STRESS. 

•41205.5278 

YEH  LOSS  COEFFICIENT.  ROTOR. 

RADIAL  ELEMENT  PERFORMANCE. 

>  0.2486 

DIA1 

6.00000 

DIA2 

5.88400 

U1 

1308.99998 

U2 

1283.69263 

VW1 

2433.24728 

VI 

2641.76669 

VR1 

1523.86702 

VA1 

1028.70740 

VW2 

250,91928 

V2 

1037,19217 

VR2 

1835.16783 

VA2 

1006.38318 

MV1 

1.12218 

MVR  1 

0.64732 

MV2 

0.44706 

MVR2 

0.79101 

alfni 

67.08280 

ALFR1 

47.54094 

ALFR2 

56.74338 

ALFS2 

14.00000 

PS1 

51,51271 

TS1 

2507.17157 

RH01 

0.05546 

Cl 

2354.12979 

PS2 

42.16408 

T  52 

2435.06583 

RH02 

0.04674 

C2 

2320.03070 

TTR1 

2657.84576 

TTR2 

2653.38841 

PTR1 

66.92980 

PTR2 

61.99822 

RFACT 

0.13736 

EPSI 

104.28452 

D  I A 1 

5.46441 

DIA2 

5.19397 

U1 

1192.15276 

U2 

1133.15130 

VW1 

2671.73865 

VI 

2862.93976 

VR1 

1602.05806 

VA1 

1028.70740 

VW2 

284.25436 

V2 

1045.75696 

VR2 

1738.34578 

VA2 

1006.38318 

MV1 

1.23576 

MVR1 

0.77784 

MV2 

0.45086 

MVR2 

0.74946 

alfni 

68.94170 

alfri 

55.19043 

ALFR2 

54.6246 2 

ALFS2 

15.77242 

PS1 

44.40947 

TS1 

2428.17447 

RH01 

0.04937 

Cl 

2316.74545 

PS2 

42.07423 

TS2 

2433.90826 

RH02 

0.04666 

C  2 

2319.47919 

TTR1 

2638.88309 

TTR2 

2629.98093 

PTR1 

64.50702 

PTR2 

59.56191 

REACT 

-0.01090 

EPSI 

109.81504 

DIA1 

6.53559 

DIA2 

6.37403 

U1 

1425.84718 

U2 

14340  2  3384 

VW1 

2233.84427 

VI 

2459.32889 

VR1 

1308.08957 

VA1 

1028.70740 

VW2 

224,58208 

V2 

1031.13733 

VR2 

1940.22617 

VA2 

1006.38318 

MV1 

1.03233 

MVR1 

0.54908 

MV2 

0.44438 

MVR2 

0.83615 

alfni 

65.27351 

alfri 

38.  14786 

ALFR2 

58.75538 

ALFS2 

12.57988 

PS1 

57.54738 

TS1 

2367.35376 

RH01 

0.06050 

Cl 

2382.31027 

PS2 

42.22724 

TS2 

2435.87842 

RH02 

0.04680 

C  2 

2320.41776 

TTR1 

2678.58047 

TTR2 

2680.13678 

PTR1 

69.58320 

PTR2 

64.82981 

REACT 

0.25123 

EPSI 

96.90323 

LOG  870,  TURBINE  DESIGN  PROGRAM 


TABLE  V 

TURBINE  DESIGN  -  1-PERCENT  EFFICIENCY  INCREASE  FOR  SHROUDS 


LOG  870.  TURBINE  DESIGN  PROGRAM. 

TRECOM  TURBINE  EPF.  COR,  COSF. 
TURBINE  OVERALL  PERFORMANCE • 
ROTATIONAL  SPEED.  ■ 

WEIGHT  FLOW.  INLET. 

WEIGHT  FLOW.  OUTLET. 

PRESSURE  RATIO. 

ENTHALPY  DROP. 

ADIABATIC  EFFICIENCY.  ■ 

RATING  EFFICIENCY. 

TOTAL  PRESSURE.  INLET. 

TOTAL  PRESSURE.  OUTLET. 

TOTAL  TEMPERATURE.  INLET. 

TOTAL  TEMPERATURE.  OUTLET. 
ANNULUS  AREA.  ROTOR  INLET.  ■ 

ANNULUS  AREA.  ROTOR  OUTLET. 

LOSS  COEFFICIENT,  NOZZLE.  ■ 

LOSS  COEFFICIENT.  ROTOR.  • 

HUB/TIP  DIAMETER  RATIO.  • 

BLADE  HEIGHT  ■ 

(W*ROOT(T )/P)  IN  « 

(W*ROOT(T)/PI  OUT 
<W*N/P)  ■ 

CENTRIFUGAL  STRESS.  ■ 

YEH  LOSS  COEFFICIENT,  ROTOR.  « 


■  1 Sd _ 

50000.0000 

4.0000 

4.1667 

2.3372 

-140.0000 

0.8919 

0.8830 

112.9374 

46.3223 

2960.0000 

2304.8671 

10.0936 

12.7333 

0.0780 

0.1135 

0.8361 

0.3356 

1.9269 

4.3136 

1770.8925 

41205.3278 

0.2182 


4  30  63 


RADIAL  ELEMENT  PERFORMANCE. 


D  I A 1 

6.00000 

DIA2 

5.88400 

U1 

1308.99998 

U2 

1283.69263 

VW1 

2436.15427 

VI 

2645.11371 

VR1 

1527. 17259 

VA1 

1030.42637 

VW2 

247.95501 

V2 

1024.93915 

VR2 

1826.18817 

VA2 

994.49413 

MVl 

1.12386 

MVRl 

0.64687 

MV2 

0.44163 

MVR2 

0.78687 

alfni 

67.07302 

ALFR1 

47.56698 

ALFR2 

57.00451 

ALFS2 

14.00000 

P  SI 

51.40321 

TS1 

2506.02341 

RHOl 

0.05537 

Cl 

2333.39070 

PS2 

42.69687 

TS2 

2436.70529 

RH02 

0.04730 

C2 

2320.81138 

TTR1 

2657.35196 

TTR2 

2653.09460 

PTR1 

66.86915 

PTR2 

62.34013 

REACT 

0.13246 

EPSI 

104.57148 

D  I  A 1 

5.46441 

OIA2 

5.19397 

U1 

1192.15276 

U2 

1133.13138 

VWl 

2674.93057 

VI 

2866.53629 

VR1 

1803.66025 

VA1 

1030.42637 

VW2 

200.89628 

V2 

1033.40276 

VR2 

1728.74210 

VA2 

994.49413 

MVl 

1.23765 

MVRl 

0.77961 

MV2 

0',*t4538 

MVR2 

0.74506 

alfni 

68.93256 

ALFR1 

55.20345 

ALFR2 

54.88148 

ALFS2 

15.77242 

PS1 

44.29653 

TS1 

2426.83743 

RHOl 

0.04927 

Cl 

2316. 10734 

PS2 

42.60809 

TS2 

2435.57495 

RH02 

0.04722 

C2 

2320.27322 

TTR1 

2638.38928 

TTR2 

2629.48715 

PTR1 

64.44801 

PTR2 

60.08207 

REACT 

-0.01666 

EPSI 

110.08493 

D  I A 1 

6.53559 

DIA2 

6.57403 

U1 

1425.84718 

U2 

1434,25384 

VWl 

2236.51303 

VI 

2462.47211 

VR1 

1311.09045 

VA1 

1030,42637 

VW2 

221.92895 

V2 

1018.95584 

VR2 

1931.81111 

VA2 

994.49413 

MVl 

1.03383 

MVRl 

0.55045 

MV2 

0.43898 

MVR2 

0.03223 

alfni 

65.26315 

ALFR1 

38.19317 

ALFR2 

59.01604 

ALFS2 

12.37988 

PS1 

57.44271 

TS1 

2566.55194 

RHOl 

0.06042 

Cl 

2301.04431 

PS2 

42.75928 

TS2 

2437.49881 

RH02 

0.04735 

C2 

2321.10942 

TTR1 

2678.08664 

TTR2 

2679.64301 

PTR1 

69*52083 

PTR2 

63.39701 

REACT 

0.24699 

EPSI 

97.20921 

LOG  870 

.  TURBINE  DESIGN 

PROGRAM. 
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TABLE  vl 

TURBINE  DESIGN  -  90-PERCENT  PRESCRIBED  DESIGN  EFFICIENCY 


LOO  170.  TURBINE  DESIGN  PROGRAM. 

ROTATIONAL  SPEED.  -50000.0000 

WEIGHT  FLOW.  INLET.  -  4.0000 

WEIGHT  FLOW.  OUTLET.  -  4.1667 

PRESSURE  RATIO.  -  2.3175 

ENTHALPY  DROP.  -  -140.0000 

ADIABATIC  EFFICIENCY.  ■  0.9000 

RATING  EFFICIENCY.  ■  0.8931 

TOTAL  PRESSURE.  INLET.  -  112.9374 

TOTAL  PRESSURE.  OUTLET.  -  48.7329 

TOTAL  TEMPERATURE.  INLET.  -  2960.0000 

TOTAL  TEMPERATURE.  OUTLET.  •  2504.8671 

ANNULUS  AREA .  ROTOR  INLET.  -  10.0956 

ANNULUS  AREA.  ROTOR  OUTLET.  >  12.7553 

LOSS  COEFFICIENT.  NOZZLE.  ■  0.0780 

LOSS  COEFFICIENT.  ROTOR.  ■  0. 

HUB/TIP  DIAMETER  RATIO.  -  0.8361 

BLADE  HEIGHT  -  0.5356 

( W*ROOT I T I/P )  IN  ■  1.9269 

(W*ROOT«T I/P)  OUT  •  4.2792 

l W*N/P I  ■  1770.8925 

CENTRIFUGAL  STRESS.  -41205.5278 

YEH  LOSS  COEFFICIENT,  ROTOR.  •  0.1909 


4  29  65 


RADIAL  ELEMENT  PERFORMANCE. 


DIA1 

6.00000 

DIA2 

5.88400 

U1 

1308.99998 

U2 

1283.69263 

VW1 

2438.69003 

VI 

2646.03571 

VR1 

1530.05995 

VA1 

1031.93216 

VW2 

245.36924 

V2 

1014.25067 

VR2 

1818.38629 

VA2 

984. 12314 

MV1 

1. 12533 

MVR1 

0.65023 

MV2 

0.43690 

MVR2 

0.78329 

alfni 

67.06439 

ALFR1 

47.58944 

ALFR2 

57.23421 

ALFS2 

14.00000 

PS1 

51.30765 

TS1 

2505.01987 

RHOl 

0.05529 

Cl 

2353.11942 

PS2 

43.17187 

TS2 

2438.11954 

RH02 

0.04780 

C2 

2321.48495 

TTR1 

2656.92120 

TTR2 

2652.66388 

PTR1 

66.81627 

PTR2 

63.02557 

REACT 

0.12819 

EPSI 

104.82365 

DIAl 

5,46441 

oW 

5.19397 

U1 

1192.15276 

U2 

1133.1 5138 

VWl 

2677.71487 

VI 

2869.67581 

VR1 

1808.80591 

VA1 

1031.93216 

VW2 

277.96698 

V2 

1022.62601 

VR2 

1720.39337 

VA2 

984. 12314 

MV  1 

1.23931 

MVR 1 

0.78116 

MV2 

0.44061 

MVR2 

0.74124 

alfni 

68.92449 

ALFR1 

55.21462 

ALFR2 

55.10787 

ALFS2 

15.77242 

PS1 

44.19800 

TS1 

2425.66891 

RHOl 

0.04919 

Cl 

2315.54987 

PS2 

43.08401 

TS2 

2437.01260 

RH02 

0.04772 

C2 

2320.95792 

ttri 

2637.95850 

TTR2 

2629.05640 

PTR1 

64.39656 

PTR2 

60.54803 

REACT 

-0.02169 

EPSI 

110.32250 

DIAl 

6.53559 

DIA2 

6.57403 

U1 

'425,84718 

U2 

1434.23384 

VW1 

2238.84100 

VI 

2465.21649 

VR1 

1313.71347 

VA1 

1031.93216 

VW2 

219.61459 

V2 

1008.32976 

VR2 

1924.50339 

VA2 

984.12314 

MV1 

1.03518 

MVR1 

0.55165 

MV2 

0.43428 

MVR2 

0.82886 

alfni 

65.25401 

AIFR1 

38.23236 

ALFR2 

59.24527 

ALFS2 

12.57988 

PS1 

57.35117 

TS1 

2565.67447 

RHOl 

0.06034 

Cl 

2381.43732 

PS2 

43.23363 

TS2 

2438.89655 

RH02 

0.04785 

C2 

2321.85486 

TTR1 

2677.65591 

TTR2 

2679.21222 

PTR1 

69.46646 

PTR2 

65.90509 

REACT 

0.24329 

EPSI 

97.47764 

LOG  870.  TURBINE  DESIGN  PROGRAM. 
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TABLE  VII 

COMPARISON  OP  MEASURED  AND  CALCULATED  DESIGN  POINT 
TURBINE  EFFICIENCY 


Turbine 

n 

V" 

x  *e 

Dh/Dt 

^?c*lc 

?lme«8 

Error-A^ 

NACA  B  -  44 
(RM  E52  C17) 

2.06 

0-66 

0 

0.60 

0.898 

0.894 

+0.004 

NACA  B  -  32 
(RM  E52  C17) 

2.11 

0.71 

0 

0.60 

0.894 

0.889 

+0.005 

Model 

J-67 

LP 

2.61 

0.83 

0 

0.70 

0.870 

0.869 

+0.001 

J-65 

LP  W-10 

3.28 

0.84 

15.2 

0.74 

0.860 

0.856 

+0.004 

J-65 

HP  W-10 

3.00 

0.52 

30.8 

0.75 

0.874 

0.896 

-0.022 

T-49 

HP 

2.64 

0.48 

16.8 

0.73 

0.891 

0.897 

-0.006 

T-49 

LP 

2.64 

0.59 

13.2 

0.68 

0.905 

0.911 

-0.006 

T-49 

LP 

2.32 

0.81 

0 

0.62 

0.893 

0.896 

-0.003 

OL  3 

HP 

3.84 

0.58 

28.0 

0.74 

0.897 

0.890 

+0.007 

OL  3 

LP 

2.64 

0.74 

7.0 

0.63 

0.904 

0.905 

-0.001 

SA  7 

HP 

3.16 

0.687 

21.8 

0.71 

0.877 

0.864 

+0.013 

SA  7 

LP 

2.665 

0.747 

18.7 

0.596 

0.886 

0.880 

+  0.006 

607007 

J-67 

LP 

2.71 

0. 80 

6.0 

0.70 

0.882 

0.875 

+  0.007 

607007 

J-67 

HP 

3.27 

0.46 

27.0 

0.77 

0.899 

0.900 

-0.001 

Stator 


Axial  Solidity  at  the  Stator  Mean  Section 
Number  of  Stator  Blades 


Figure  3.  Estimated  Overall  Turbine  Performance 


Actual  Work  Parameter  -Ah  ,  /T.  ,  -  (Btu/lb)/(°R) 

actual  inlet 


Design  Point  Data:  Gas  Generator  Application 


Inlet  Weight  Flow 
Actual  Work  Output 
Inlet  Temperature,  Rotor 
Inlet  Pressure 
Gas  Gen  Rotor  Speed 


4.0  lb/sec 
140  Btu/lb 

2500°F  (Stator  Absolute  Leaving) 
229.9  in  Hg  A 
50,000  rpm 


0  200  400  600  80C  1000 


Entrance  Weight  Flow  Parameter  -  WN/P  . 
(lb/sec) (rpm)/(in  Hg  A) 


Figure  4.  Estimated  Overall  Turbine  Performance  Map. 
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Actual  Ah/T  ,  Percent  Design 


[WN/Pln1et]  - 


Percent  Design 


Figure  5.  USAAVLABS  Estimated  Overall  Turblne  Performance  Map. 
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Figure  11.  USAAVLABS  Rotor  Airfoil  Aerodynamic  Section  -  Hub. 
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Percentage  Distance  Prom  Stagnation  Point  Along  Surface 


Radius  of  Hub 


Percentage  Distance  From  Stagnation  Point  Along  Surface 
Figure  15.  Calculated  Turbine  Stator  Blade  Velocity  Distribution 


Section  Side  Pressure  Side 


Figure  17.  Calculated  Turbine  Rotor  Blade  Velocity  Distribution  (Preliminary) 


2.2  ENGINE  PERFORMANCE 


2.2.1  Design  Point  Performance 

Brief  studies  were  made  during  Phase  I  to  relate  the  predicted  performance 
of  the  gas  generator  turbine  discussed  above  with  other  components  in  a 
free  power  turbine  engine  and  to  estimate  the  overall  capability  of  such  a 
system.  Of  necessity,  certain  assumptions  had  to  be  made  on  which  to  base 
such  a  study,  and  the  following  data  are  presented  to  clarify  these  areas: 


Turbine  (gas  generator) 

Weight  flow 
Work 

Adiabatic  efficiency 

Average  inlet  temp  (leaving  stator) 

Inlet  pressure 

Rotor  blade  cooling  airflow 

Compressor 

Inlet  recovery 
Pressure  ratio 
Mechanical  efficiency 

Combustion  Chamber 

Fuel  lower  heating  value  (JP-4) 
Pressure  recovery 
Combustion  efficiency 

Free  Turbine  (power) 

Coollog  airflow 
Adiabatic  efficiency 
Diffuser  pressure  recovery 
Mechanical  efficiency 


4.00  pounds/second 
140  Btu/pound 
0.8826 
2500°F 

229.9  in.  Hg  A 

(4.0Z  of  total  wei3ht  flow; 
combustor  plus  cooling  air) 

0.99 

8:1 

0.99 


18,300  Btu/pound 

0.97 

0.99 


None 

0.913 

0.98 

0.98 


37 


I 


Nozzle,  Exhaust 

Velocity  coefficient  0.98 
Discharge  coefficient  0*99 
Pressure  ratio  1.03 


Accessory  Pover  Extraction  None 

The  following  performance  data  were  obtained  by  design  point  calcula¬ 
tion,  using  these  assumptions: 


Compressor  inlet  pressure 

Compressor  discharge  pressure 

Compressor  discharge  temperature 

Compressor  adiabatic  efficiency 

Gas  generatoi  turbine  pressure  ratio 

Gas  generator  turbine  discharge  pressure 

Power  turbine  pressure  ratio 

Jet  nozzle  area 

Output  shaft  horsepower 

Fuel  flow 

rirake  specific  fuel  consumption 


29.62  in.  Hg  A 

237.0  in.  Hg  A 

621°F 

0.735 

2.36 

97.38  in.  Hg  A 
3.097 

0.462  square  feet 

883  horsepower 

0.123  pound/ second 

0.5  pound/hcur-hor sepower 


2.2.2  Off-Design  Performance 

Off-design  engine  performance  was  obtained  using  an  IBM  computer  program 
over  a  range  of  gas  generator  and  free  turbine  rotor  operating  speeds  to 
obtain  data  relating  to  minimum  specific  fuel  consumption  for  this  engine 
configuration.  For  these  calculations,  the  turbine  performance  map  de¬ 
scribed  in  Section  2.1  was  used  for  the  gas  generator  rotor,  an.J  a  free 
turbine  (fixed  geometry)  performance  map  takun  from  Figure  2  of  Reference  2 
was  used  for  the  power  turbine  rotor.  The  latter  performance  map  was  scaled 
to  provide  an  adiabatic  efficiency  of  0.913  (corresponding  to  0,c0  polytropic 
efficiency)  at  the  design  point.  It  was  felt  that  this  power  turbine  was 
compatible  in  design  with  the  gas  generator  turbine  and  would  be  a  realis¬ 
tic  representation  for  study  purposes.  The  compressor  performance  map 
utilized  was  also  taken  from  Reference  2;  data  for  a  9.5:1  pressure  ratio 
axial-centrifugal  compressor  was  scaled  to  conform  with  the  8:1  pressure 
ratio  requirement  outlined  in  the  design  point  study  described  above. 
Similarly,  the  compressor  efficiency  was  scaled  from  0.805  to  0.735  to  agree 
with  design  point  assumptions  for  matching  the  gas  generator  turbine.  The 
latter  efficiency  is  lower  than  current  state-of-the-art  values,  which 
would  normally  be  assessed  at  approximately  0.80  adiabatic  efficiency  for 
engines  of  this  type.  Therefore,  using  the  same  mass  flow  and  similar 
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Internal  conditions  th  a  compressor  of  current  (or  advanced)  performance, 
a  significant  incre*.  e  in  output  shaft  horsepower  could  be  realized,  and  an 
improvement  in  brake  specific  fuel  consumption  could  be  achieved. 

Several  assumptions  supplementing  the  design  point  listing  were  formulated 
for  off-design  operation  as  follows: 

Compressor 

Inlet  recovery  -  Inlet  pressure  loss  varies  as  the  square  of  the 
ai-  f  low . 

Turbine  (gas  generator) 

Rotor  blade  cooling  air  -  Varies  with  combustion  chamber  temperature. 

Minimum  specific  fuel  consumption  data  for  the  study  engine  are  shown  in 
Figure  18  plotted  versus  output  shaft  horsepower;  combustion  chamber  tem¬ 
perature,  gas  generator  speed  (percent  rpm) ,  and  power  turbine  speed 
(percent  rpm)  data  are  also  shown.  These  data  represent  the  loci  of  mini¬ 
mum  SFC  points  defining  the  lower  boundary  of  an  envelope  of  generalized 
operating  points  obtained  by  calculating  engine  performance  at  various 
combinations  of  gas  generator  end  power  turbine  speeds.  It  should  be  noted 
that  approximately  proportional  relationships  exist  between  internal  cycle 
conditions  and  output  shaft  horsepower,  tending  to  minimize  engine  control 
problems  when  projecting  this  power  plant  into  application  studies.  As  has 
been  pointed  out  rbove,  the  overall  minimum  SFC  of  0,5  pound/horsepower- 
hour  is  the  value  attainable  with  the  compressor  efficiency  chosen  to  match 
the  turbine.  Such  a  value  would  be  materially  reduced  if  a  more  compatible 
compressor  pressure  ratio  wtie  assumed  with  the  corresponding  higher  com¬ 
pressor  efficiency  attainable  with  advanced  technology. 

2.2.3  Cycle  Analysis  Study 

Cycle  analysis  studies  were  conducted  based  on  internal  conditions  consis¬ 
tent  with  the  turbine  component  study  to  provide  an  evaluation  of  the  ef¬ 
fects  of  combustion  chamber  temperature,  compressor  efficiency,  and  cycle 
pressure  ratio  on  engine  performance,  with  and  without  regeneration. 

The  following  observations  may  be  made: 

1.  Optimum  specific  fuel  consumption  for  a  constant  combustion 

chamber  temperature  occurs  at  a  higher  cycle  pressure  ratio  for  a 
nonregenerative  engine  than  for  a  regenerative  engine  (Figures 
19,  20,  21,  and  22).  For  a  basic  engine  capable  of  operation  with 
and  without  regeneration,  selection  of  pressure  ratio  and  combus¬ 
tion  chamber  temperature  would  have  to  be  a  compromise,  based  on 
the  duty  cycle  or  mission  requirements  of  the  power  plant  (time 
at  maximum  power  versus  time  at  part  throttle). 
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2.  Increasing  combustion  chamber  temperature  from  2000°F  to  2500®F 
causes  horsepower  per  |>cund  of  air  to  Increase  substantially, 
while  more  modest  lmprcvements  In  specific  fuel  consumption  are 
achieved.  Selection  of  the  higher  operating  temperatures  becomes 
pertinent  In  the  design  of  more  advanced  gas  turbine  engines. 

3.  Increase  in  compressor  efficiency  at  a  given  pressure  ratio  re¬ 
sults  In  performance  improvements  which  become  significant  for  a 
three- point (0. 74  to  0.77  poly tropic)  Increase  (Figures  23  and  24). 
For  a  gas  generator  turbine  of  fixed  output,  an  Increase  in  com¬ 
pressor  pressure  ratio  consistent  with  design  limitations  provides 
further  performance  improvements  when  combined  with  constant  or 
increased  compressor  efficiency. 

The  cycle  analysis  data  were  calculated  using  an  IBM  704  digital  computer. 
C-W  Log  776  -  Turboshaft  Design  Point  Program  -  was  utilized  for  these 
calculations . 
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Brake  Specific  Fuel  Consumption  -  Percent  Speed  - 

lb/hr/hp  rpm  Burner  Temp 


ESFC  -  Ib/hr/ESHP  ESHP/lb  of  air/sec 


Sea  Level  Static,  Standard  Day,  Non-Regen  Comp 
Eff  =  81  (Poly);  CG  Turb  Eff  =0.89  (Poly); 


% 


« 


Figure  19.  Effect  of  Combustion  Chamber  Temperature. 
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Sea  Level  Static,  Standard  Day,  Regen  Eff  -  75X 
Comp  Eff  -  0.84333  (Poly)  ;  GG  Turb  Eff  -  0.89  (Poly) 
Power  Turb  Eff  -  0.90  (Poly);  Burner  Loss  -  3%; 

Regen  Loss  (Cold)  -  21\  Rcgen  Loss  (Hot)  -  31 


Figure  22.  Effect  of  Combustion  Chamber  Temperature  on  HP  and  SFC. 
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ESFC  -  lb/hr/ESHP 


Sea  Level  Static.  Standard  Day,  Non -Regen 
Comb  Temp  -  25004P;  GG  Turb  Eff  -  0.89  (Poly) 
Power  Turb  Eff  -  0.  90  (Poly) ;  Burner  Loss  ■  3X 
Coolant  Air  -  5X 


747. 

777. 

817. 

857. 

897. 


Figure  23.  Effect  of  Compressor  Efficiency  on  ESFC. 


(Compressor 
Polytropic 
Efficiency 


Sea  Level  Static,  Standard  Day,  Non-Regen 
Comb  Temp  -  2500°P;  GG  Turb  Eff  -  0.89  (Poly) 
Power  Turb  Eff  -  0.90  (Poly);  Burner  Loss  -  37. 
Coolant  Air  *  57. 


(Compressor 
Polytropic 
Efficiency 


Figure  24.  Effect  of  Compressor  Efficiency  on  ESFC. 


3.0  TURBINE  TEST  RIG  DESIGN 


3.1  RIG  DESIGN  STUDY 

3.1.1  Introduction 

The  process  of  arriving  at  a  final  test  rig  design  for  an  advanced  com¬ 
ponent  of  this  type  Involves  many  proposals,  trials,  and  considerations  to 
assure  ultimate  success  during  the  test  period.  Figures  25  through  31 
show  the  evolution  of  the  basic  rig  assembly,  with  Figure  31  being  the 
final  design  selected  for  further  development  during  Phase  II.  Areas  of 
considerable  concern  and  analysis  were  the  combustion  chamber  liners,  the 
rotor  shroud,  the  exhaust  duct  and  housing,  the  critical  speed  of  the  tur¬ 
bine,  and,  of  course,  the  blading  which  is  discussed  In  Section  4.0.  Of 
similar  importance,  but  requiring  less  analysis,  are  the  high-speed  bear¬ 
ings  supporting  the  turbine  shaft,  the  shaft  seal,  the  rotor  cooling  air 
labyrinth  seal,  the  bearing  lubrication  system,  the  rotor  and  stator  cool¬ 
ing  air  supply  system,  and  the  combustor  support  system,  including  the 
fuel  and  air  supply. 

The  combustor  liners,  cooled  by  the  conventional  convective  film  tech¬ 
nique,  were  patterned  after  a  previous  C-W-designed  combustor  which  had 
close  to  50  hours  of  testing  with  excellent  results.  The  new  liners  are 
similar  to  this  design  in  that  the  film  cooling  flow  is  metered  by  orifice 
holes  around  the  periphery  of  the  liners  and  the  air  is  directed  by  cooling 
bands  in  a  parallel  film  into  the  main  combustion  stream.  This  orifice 
and  cooling  band  principle  is  used  rather  than  the  more  conventional  de¬ 
signs  for  large  engines  because  the  airflow  is  small  and  cannot  be  metered 
practically  by  the  overlap  liner  method.  The  ideal  solution  to  liner  de¬ 
sign  is  to  keep  the  thermal  gradients  along  the  liner  (from  one  cooling 
band  to  the  next)  to  a  value  that  will  not  cause  the  liner  to  buckle  and 
fail.  This  is  accomplished  by  the  selection  of  the  amount  of  cooling  air 
to  be  introduced  at  each  cooling  band  and  he  axial  spacing  between  bands. 
Of  course  the  cooling  air  supply  must  be  judiciously  used  or  the  combustion 
process  would  be  seriously  affected. 

The  rotor  shroud  configuration  was  selected  after  consideration  of  many 
schemes.  A  one-piece  shroud  had  to  be  eliminated  because  the  thermal 
growth  was  toe  large  to  maintain  tip  clearances  desired.  A  segmented 
shroud  was  chosen  that  combines  the  best  features  of  similar  shrouds 
currently  being  used  on  larger  C-W  engines. 

The  exhaust  duct  and  housing  design  is  complicated  to  the  extent  that  the 
walls,  if  uncooled,  would  have  large  temperature  gradients  resulting  in 
stresses  that  would  exceed  the  yield  of  the  material.  Although  these 
stresses  relieve  themselves  during  operation,  the  resulting  distortions 
would  be  detrimental  to  turbine  performance,  since  the  turbine  requires 
close  tip  clearances.  Therefore,  an  extensive  heat  transfer  and  stress 
analysis  was  made  to  determine  the  best  method  of  cooling  this  part  so 
that  thermal  gradients  would  not  cause  distortion.  Many  methods  of  cool¬ 
ing  with  air  and/oc  water  were  investigated:  internal  cooling  combinations, 
external  cooling,  internal  and  external  combinations,  and  insulation  of 
external  surfaces. 
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The  turbine  critical  speed,  which  is  discussed  in  detail  in  Section  3.3, 
is  another  area  that  required  extensive  analysis.  An  initial  effort  to 
design  the  shaft  and  support  system  so  that  the  critical  speed  would  be 
above  the  operating  range  was  partially  successful.  Items  that  were  of 
concern  were  the  bearing  spacing;  the  overhang  of  the  disc  and  blades 
from  the  bearing;  the  weight  of  the  disc  and  blades;  the  dN  values  of  the 
bearings;  the  stiffness  of  the  shaft,  bearing,  and  support  housing;  and 
the  use  of  a  contro 1 led-gap  oil  seal.  The  change  from  the  clamped  to 
welded  disc  and  blade  arrangement  made  it  necessary  to  design  the  support 
system  so  that  the  first  critical  speed  would  be  below  the  operating  range. 
This  eased  the  requirements  of  the  bearings  and  seal;  the  bearings  were 
made  smaller,  and  so  have  lower  dN  values  with  adequate  life,  and  the  seal 
was  made  smaller,  thus  providing  a  rubbing  seal  having  an  acceptable  pe¬ 
ripheral  speed. 

3.1.2  Rig  Description 

The  turbine  test  rig  assembly  finally  selected  was  completely  designed  and 
detailed  on  layout  drawings,  Figure  31,  except  for  the  stator  blade  and 
the  totor  and  shaft  assembly.  The  turbine  rig  basically  consists  of  a 
combustor,  a  turbine,  and  an  exhaust  section.  The  combustor  is  a  full 
annular  vaporizing  type  similar  in  principle  to  combustors  in  the  C-W  J65 
and  TJ60  engines.  The  combustor  consists  of  inner  and  outer  liners,  a 
headplate  assembly,  and  a  vaporizer  tube.  Primary  air  for  combustion 
enters  the  forward  end  of  the  combuster  through  16  (primary)  aircups, 
equally  spaced  on  the  headplate  and  surrounding  the  vaporizer  tube.  The 
air  entering  the  vaporizer  tube  first  passes  through  a  simple  swirling 
device  and  at  the  same  time  mixes  with  fuel  that  is  injected  at  this  point. 
In  this  manner,  a  uniform  rich  mixture  of  fuel  and  air  leaves  the  vaporizer 
tube  .'r.d  swirls  toward  the  combustor  headplate.  Combustion,  which  is 
started  by  a  20-Joule  ignition  system,  is  completed  in  the  primary  zone, 
which  is  approximately  5  inches  long.  At  the  end  of  the  primary  zone, 
diluent  air  is  injected  through  32  slots  spaced  equally  around  the  outer 
combustor  liner;  this  air  is  introduced  to  reduce  the  gas  temperature  to 
the  desired  turbine  inlet  temperature  and  to  establish  the  desired  tempera¬ 
ture  profile.  The  combustor  as  designed  has  much  latitude  for  testing; 
it  has  several  features  that  make  it  easy  to  change  its  configuration  or 
pattern.  Among  these  features  are: 

1.  The  headplate  has  bolting  patterns  that  permit  changing  the 
angularity  between  the  igniter  and  aircups  or  the  aircups  and 
vaporizer  inlet  air. 

2.  The  aircups  can  be  pressed  in  >  the  headplate  at  any  selected 
angularity. 

3.  The  vaporizer  is  machined  so  that  the  fuel  introduction  location 
can  be  selected  from  three  positions  (axially)  relative  to  the 
vaporizer  air  inlet  and  so  that  the  number  of  introduction  points 
can  be  selected  from  one  to  six. 
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4.  The  cooling  air  bands  are  riveted  to  the  liners  for  easy  removal 
and  replacement  in  case  the  orifice  sizes  or  gap  heights  need 
changing. 

5.  The  igniter  is  radially  adjustable  relative  to  both  the  liner  and 
its  cooling  air  shield. 

Another  extremely  important  feature  is  the  unrestrained  suppoi  t  ,'f  the 
liners  that  allows  thermal  growth  both  axially  and  radially,  both  the 
inner  and  outer  liners  are  fixed  at  the  upstream  ends,  while  the  inner 
liner  is  free  to  expand  at  the  downstream  ends  by  virtue  of  its  piston 
ring  support.  This  also  blocks  the  liner  cooling  air  from  escaping  and 
makes  the  outer  liner  free  to  expand  by  virtue  of  its  "fishraouth"  support. 
The  diametral  dimensions  of  the  fishmouth  are  selected  so  that  support  is 
obtained  on  the  outer  diameter  in  the  cold  position  and  on  the  inner  di¬ 
ameter  in  the  hot  or  operating  position. 

A  high-energy,  20-Joule  ignition  system,  conmercially  available,  is  used 
for  igniting  the  main  burner  flow,  thus  eliminating  the  need  for  a  separate 
priming  system.  This  concept  has  been  successfully  utilized  '•'n  other  C-W 
combustor  rigo. 


The  combustor  liners,  both  inner  and  outer,  are  formed  s'-eet  metal  cones 
with  cooling  bands  riveted  ip  place  at  axial  intervals.  The  ends  of  the 
(iners  are  machined  rings  which  reinforce  the  sheet  metal  cones  and  pro¬ 
vide  means  of  connection  at  the  upstream  end  to  the  headplate  and  at  the 
downstream  end  to  the  stator  support  rings.  The  materials  selected  for 
the  combustor  section  are  noted  in  the  bill  of  materials  contained  on 
Figure  31.  Some  of  the  major  parts  of  the  combustor  and  materials  se¬ 
lected  for  each  are  noted  as  follows: 

Part 


Headplate 
Aircups 
Vaporizer 
Combustor  Housing 
Inlet  Housing 
Combustor  Liners 


Material 

AISI  310  or  321 
AISI  310  or  321 
AISI  310  or  321 
AISI  310  or  321 
Cast  Niresist 
Hastelloy  X 


The  turbine  section  (excluding  the  stator  blades  and  rotor  blade  and  shaft 
assembly)  consists  of  the  stator  blade  supports  (both  inner  and  outer), 
rotor  cooling  air  labyrinth  seal,  rotor  and  stator  cooling  air  tubes,  rotor 
shroud,  turbine  shaft  supports,  and  support  housing.  The  tubes  for  the 
rotor  and  stacor  cooling  air  are  located  in  the  center  of  the  combustor. 

The  cooling  air  is  brought  in  separately  through  the  inlet  support  casting. 
The  tubes  are  supported  aft  by  the  inner  rings  centered  by  the  stator  blades 
The  rings  also  support  the  labyrinth  seal  at  the  rotor.  This  seal  has  two 
stages  with  an  intermediate  bleed  which  reduces  the  pressure  ratio  and  thus 
the  leakage  across  the  second  stage  where  the  leakage  cannot  be  measured 
during  test.  This  is  done  by  bleeding  off  the  leakage  after  the  first 
stage.  A  static  test  can  be  made  to  determine  the  leakage  through  the 


51 


seal.  With  the  rotor  cooling  air  passage  plugged,  the  total  inlet  flow 
can  be  measured,  as  well  as  the  flow  being  bled  off  between  stages;  the 
difference  between  these  flows  is  the  leakage  to  be  expected  at  the  second 
stage  during  turbine  testing.  The  advantage  of  the  design  is  that  it  al¬ 
lows  greater  tolerances  and  labyrinth  seal  clearances  but  still  has  small 
leakage  (calculated  to  be  less  than  0.25  percent  across  the  second  stage). 

The  rotor  shroud  is  segmented  in  four  pieces  and  fastened  to  a  ring  that 
is  cooled  by  approximately  l  percent  air  from  the  combustor  inlet.  The 
cooling  of  this  support  ring  enables  the  rotor  tip  clearance  to  be  held 
virtually  constant  through  the  operating  range  (0.010  inch).  The  four  seg¬ 
ments  are  keyed  in  the  support  ring  in  a  manner  that  allows  them,  when  hot, 

to  expand  freely  in  any  direction  but  prevents  then  from  rotating  in  the 
event  of  a  rub.  The  support  ring  is  attached  to  the  exhaust  duct;  how¬ 
ever,  its  expansion  is  independent,  since  it  is  radially  "splined"  with 
16  lugs.  Kastelloy  X  will  be  used  for  the  segments  which  have  a  honeycomb 
core  brazed  to  a  backup  support.  To  prevent  erosion  of  the  honecomb,  an 
investigation  of  cere  filler  materials  will  be  made.  The  support  ring  will 

be  made  of  Inconel  X,  the  same  as  the  stator  support  rings,  since  both  will 

be  subject  to  high  stresses  due  to  thermal  gradients. 

The  turbine  shaft  support  system  consists  of  a  nodular  cast  iron  support, 
two  intermediate  bearing  support  rings,  two  bearings,  and  a  lube  Jet  ring. 
The  forward  intermediate  bearing  support  ring  is  extremely  important  be¬ 
cause  of  its  effect  on  the  critical  speed  of  the  system.  It  is  designed  to 
have  a  low  spring  rate  so  that  the  first  shaft  critical  speed  will  be  below 
the  turbine  operating  speed  range.  This  ring  is  designed  to  house  both  the 
oil  seal  and  the  roller  bearing,  thus  reducing  any  concentricity  problems 
for  the  seal  to  a  minimum.  The  ring  also  can  be  easily  reworked  or  replaced 
in  the  event  of  a  desired  spring  rate  change.  The  rear  intermediate  bear¬ 
ing  support  ring  is  much  stiffer  and  determines  the  second  critical  speed 
which  will  be  above  the  operating  range.  The  lube  jet  ring  and  rear  bear¬ 
ing  support  are  drilled  in  a  manner  to  provide  lubrication  to  the  roller 
and  ball  bearings,  respectively. 

The  bearings  selected  are  a  roller  bearing,  equivalent  to  SKF  460650,  and 
a  split  inner  race  ball  bearing,  equivalent  to  SKF  460651.  The  roller 
bearing  estimated  life  at  the  highest  load  anticipated  at  50,000  rpm  will 
be  in  excess  of  10,000  hours  and  will  have  a  spring  rate  varying  from  0.488 
x  106  pounds/inch  at  a  13-pound  radial  load  to  0.521  x  10^  pounds/inch  at  a 
41-pound  radial  load.  The  bearing  heat  rejection  is  46  Btu/minute  based 
on  2  pounds/minute  of  7808  oil  entering  at  150°F.  The  bail  bearing  esti¬ 
mated  life  at  its  highest  load  will  be  683  hours,  with  a  spring  rate  ap¬ 
proximately  constant  at  4.65  x  10^  pounds/inch  over  the  radial  load  range 
and  a  200- pound  thrust  load.  The  heat  rejection  estimated  for  the  ball 
bearing  is  70  Btu/minute  based  on  7808  oil  entering  at  150°F  and  flowing 
3  pounds/minute.  To  seal  the  lubricating  oil  from  the  turbine,  a  Cleveland 
Graphite  No.  B-103020  turbine  shaft  seal  has  been  selected.  This  design 
has  two  carbon  elements  that  are  especially  suitable  for  the  rubbing  speeds 
encountered  here  and  has  a  heat  rejection  rate  of  approximately  10  Btu/ 
minute. 
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The  exhaust  du<-t  and  housing  section  consists  of  a  welded  diffuser  housing 
assembly  and  a  heat  shield.  The  welded  assembly  will  be  made  of  Hastelloy 
X  because  of  its  good  high-temperature  properties  and  corrosion  and  erosion 
resistance  to  the  exhaust  gases.  The  heat  shield,  which  will  be  made  of 
AISI  321  stainless,  serves  two  purposes:  it  shields  the  turbine  support 
housing  from  exhaust  duct  radiation,  and  it  forms  a  high-velocity  passage 
for  the  auxiliary  cooling  air  thftt  is  used  to  cool  the  inner  wall  of  the 
exhaust  diffuser.  Approximately  0.35  pound/second  of  cooling  air  will  be 
introduced  at  the  rear  of  the  exhaust  duct  which  will  ''onvectively  cool  the 
inner  wall  as  it  flows  forward  and  film-cools  the  same  wall  as  it  is  intro¬ 
duced  into  the  turbine  exit  gas  stream.  This  cooling  air  will  be  the  same 
temperature  as  the  combustor  inlet  air  so  that  when  it  is  Introduced  at 
the  turbine  hub  it  will  not  cause  adverse  thermal  gradients  in  the  disc. 

A  second  source  of  cooling  this  housing  will  be  the  use  of  a  fine  water 
spray  on  the  outside  portion  of  the  exhaust  housing  between  the  flanges. 
This  will  directly  reduce  the  wall  temperature  of  the  exhaust  collector  to 
1300°F,  which  would  otherwise  be  at  a  temperature  of  1600*F. 

Insulation  of  the  flanges  was  considered  in  an  attempt  to  reduce  the  thermal 
gradients  in  the  housing,  but  this  produced  other  problems.  Thermal  gradi¬ 
ents  in  the  outer  housing  were  still  high;  in  addition,  the  exhauBt  dif¬ 
fuser  outer  wall  temperatures  were  also  high. 

The  aerodynamic  characteristics  of  the  exhaust  duct  were  investigated  to 
determine  the  exhaust  diffuser  characteristics  and  any  disturbances  brought 
on  by  the  penetration  of  cooling  air  entering  at  the  hub.  Since  this  is 
a  test  rig  application,  the  duct  losses  were  not  considered.  In  the  dif¬ 
fuser,  to  prevent  separation,  an  area  schedule  was  selected  to  provide  a 
minimum  of  diffusion  until  the  exhaust  gases  had  been  turned  into  the 
collector.  The  entering  passage  area  and  the  entrance  geometry  for  the  hub 
cooling  air  entering  the  exhaust  duct  were  selected  so  that  the  effect  of 
momentum  and  penetration  could  be  minimized.  The  entrance  geometry  was  de¬ 
signed  to  introduce  the  cooling  air  in  a  cirection  nearly  parallel  to  the 
main  flow. 

It  can  be  seen  by  reviewing  the  rig  basic  as  shown  in  Figures  25  through 
31  that  other  changes  have  evolved  that  are  not  specifically  mentioned 
above.  In  many  Instances ,  these  have  come  about  from  consideration  of 
assembly  and  disassembly  sequences,  for  convenience  of  manufacturing, 
and  for  convenience  of  testing. 
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3.2  COMBUSTOR  DESIGN 


3.2.1  General  Description 

The  object  of  the  design  was  to  provide  a  combustor  for  use  on  the  small, 
high- temperature  turbine  test  rig.  The  turbine  design  point  was  calcu¬ 
lated  at  an  8:1  compressor  pressure  ratio,  2960°R  turbine  rotor  entry 
temperature,  and  4.0  pounds/second  gas  flow  entering  the  turbine  rotor. 
Pertinent  design  and  test  conditions  are  summarized  in  Table  VIII. 

A  reduced  scale  layout  of  the  combustor  is  shown  in  Figure  32.  The  design 
is  of  the  full  annular  vaporizing  type  and  employs  axial  mixing  within  the 
primary  combustion  zone  and  transverse  injection  of  diluent  air  from  the 
outer  liner  in  the  dilution,  or  secondary,  zone.  A  unique  feature  of  the 
design  is  the  use  of  a  single  vaporizer  integrated  with  the  inner  liner 
assemb  /. 

A  schematic  flow  diagram  is  shown  in  Figure  33.  The  combustion  chamber 
assembly  is  mounted  within  a  10-lnch  test  duct.  Primary  air  for  combustion 
passes  through  the  16  slotted  primary  aircups  and  enters  the  primary  zone 
as  fan-shaped  Jets.  These  axial  Jets  divide  the  primary  zone  into  sectors 
and  create  a  degree  of  coarseness  in  the  fuel-air  mixture  within  the  pri¬ 
mary  zone  that  provides  combustion  stability  over  a  wide  operating  range. 
Strong  recirculation  patterns  conducive  to  good  flame  holding  are  also 
established.  Air  for  combustion  is  continually  available  as  required  along 
the  edges  of  the  axial  Jets.  The  balance  of  primary  air  for  combustion 
enters  the  central  annular  vaporizer  through  a  swirl  guide-vane  assembly 
located  upstream  of  the  vaporizer  headplate.  Fuel  is  injected  into  this 
swirling  air  as  it  passes  along  the  vaporizer  annulus,  and  the  carburetted, 
preheated  fuel  undergoes  a  reverse  turn  and  is  injected  into  the  primary 
combustion  zone  toward  the  vaporizer  headplate.  The  principal  objective 
of  the  Imposed  swirl  is  to  provide  uniform  circumferential  fuel  distribu¬ 
tion  around  the  combustion  chamber  and  to  ensure  complete  wetting  of  the 
vaporizer  annulus  walls.  The  rich  mixture  of  fuel  and  air  passing  through 
the  vaporizer  is  heated  by  the  combustion  process  surrounding  the  vaporizer 
and  is  discharged  in  a  state  which  can  be  burned  immediately.  Ignition  lag 
is  reduced  because  the  sensitive  precombustion  stage  now  occurs  within  the 
vaporizer  and  is  protected  from  random  chilling.  The  name  vaporizer  im¬ 
plies  that  the  primary  function  of  the  component  is  to  prevaporize  the 
fuel.  In  fact,  the  essential  function  is  to  preheat  the  fuel  and  to  premix 
it  with  air.  The  quantity  of  air  in  the  vaporizer  annulus  is  sufficient 
to  avoid  fuel  cracking  and  deposition  while  maintaining  maximum  carbure- 
tion.  Combustor  performance  is  not  primarily  dependent  on  the  degree  of 
fuel  prevaporization. 

The  major  portion  of  the  combustor  airflow  bypasses  the  headplate  and  is 
injected  as.  diluent  into  the  combustion  chamber  through  axial  slots  lo¬ 
cated  in  the  outer  liner  assembly  inmediately  downstream  of  the  primary 
combustion  zone.  The  balance  of  the  combustor  airflow  is  utilized  for 
convective  film-cooling  of  the  inner  and  outer  liners.  The  film  coolant 
is  admitted  at  five  axial  locations  along  esch  liner  through  a  single  row 
of  holes  in  the  liners  at  each  axial  location.  The  coolant  passing  through 
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each  row  of  holes  impinges  on  a  deflector  which  is  attached  to  the  com¬ 
bustion  side  of  the  liner  and  is  discharged  tangentially  along  the  liner 
as  a  continuous  sheet  of  coolant.  This  system  has  been  found  to  provide 
efficient  cooling  of  the  liner  while  maintaining  strict  control  of  coolant 
flow  rate.  Such  control  is  of  particular  concern  in  the  design  of  small 
combustors  of  this  type,  since  metering  areas  are  correspondingly  small  and 
tolerance  limits  could  result  in  unacceptable  aberration  of  the  combustor 
airflow  distribution. 

In  order  to  provide  independent  control  of  the  turbine  stator  and  turbine 
rotor  coolant  flow  rates  for  test  purposes,  an  arrangement  of  concentric 
ducts  was  located  on  the  combustor  centerline.  The  coolant  supply  to  the 
stator  and  the  rotor  is  to  be  independently  controlled  and  metered  upstream 
of  the  combustion  system. 

Ignition  is  accomplished  by  means  of  an  air-cooled,  20- Joule  igniter  which 
protrudes  through  the  outer  liner  into  the  primary  combustion  region.  Ex¬ 
perience  on  other  test  rigs  of  this  type  indicates  that  a  primer  fuel  spray 
system  is  not  required  to  supplement  the  ignition  system  for  this  test  ap¬ 
plication. 

3.2.2  Basic  Design  Considerations 


The  essential  function  of  this  combustor  is  to  provide  the  required  gas 
state  conditions  at  the  inlet  to  the  small,  high-temperature  turbine  com¬ 
ponent  under  development.  In  order  to  provide  for  turbine  design  and 
evaluation  most  representative  of  engine  application,  the  combustion  sys¬ 
tem  was  designed  to  be  compatible  with  engine  requirements,  with  modifi¬ 
cations  for  test  flexibility,  and  with  expeditious  procurement. 

Assessment  of  the  two  principal  types  of  combustion  systems,  fuel  spray 
atomizing  and  fuel  vaporizing,  resulted  in  the  selection  of  the  vaporizing 
approach  for  this  application  based  on  consideration  of  the  following  ad¬ 
vantages: 

1.  Stable  combustion  over  a  wide  fuel-air  ratio  range  at  high 
efficiency. 

2.  Well-defined,  compact  envelope  because  of  improved  fuel  prepara¬ 
tion  and  advantageous  mixing  characteristics. 

3.  Excellent  turbine  inlet  temperature  distribution  as  a  result  of 
ability  to  use  a  large  number  of  fuel  admission  points. 

U.  Relatively  low  pressure  and  less  complicated  fuel  supply  system 
required  as  compared  to  that  needed  by  spray  injection  type  de¬ 
signs. 

5.  Fuel  metering  orifices  relatively  large  and  located  in  a  region 
removed  from  the  combustion  process,  thus  minimizing  sensitivity 
to  fuel  contamination  and  eliminating  fouling. 
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6.  Minimum  maintenance  in  field  use  as  demonstrated  by  thousands  of 
J65  military  service  engines.  Recent  testing  of  the  TJ60  design 
and  the  modified  J65  engine  operating  at  2500°F  TIT  indicates 
further  improvement  in  durability  and  extended  operational  capa¬ 
bility. 

7.  Reduced  radiative  heat  input  to  engine  components,  since  vaporiz¬ 
ing  system.,  tend  to  burn  with  a  relatively  nonluminous  flame. 

8.  Vaporizing  performance  relatively  insensitive  to  fuel  type  and 
viscosity. 

At  this  point,  a  choice  between  the  tubular  and  annular  combustion  system 
approaches  was  required.  Annular  combustors  provide  the  most  efficient 
use  of  the  available  engine  volume  with  clean  aerodynamic  passages.  In 
general,  the  tubular  approach  can  impose  durability  and  packaging  problems, 
if  complicated  transition  pieces  are  required  to  mate  with  the  annular  flow 
passages  of  the  other  engine  components.  Such  transition  pieces  tend  to  be 
bulky,  present  increased  surfaces  to  be  cooled,  and  impose  undesirable 
temperature  distributions  upon  the  turbine.  However,  tubular  combustors 
usually  have  the  advantage  of  minimizing  the  number  of  fuel  introduction 
points  required,  which  is  an  Important  consideration  for  small  engines 
with  low  flow  rates,  since  multiple  division  of  low  total  fuel  flow  rates 
can  result  in  a  complex  fuel  metering  system  with  increased  sensitivity  to 
blockage  due  to  fuel  contamination.  In  the  subject  design,  the  unique  use 
of  a  single  vaporizer  integrated  with  the  inner  liner  assembly  of  an  annu¬ 
lar  combustion  chamber  presented  a  most  attractive  means  of  tailoring  the 
annular  vaporizing  system  to  the  specific  requirements  of  a  small  gas  tur¬ 
bine.  In  this  manner,  uniform  circumferential  fuel  distribution  is  ob¬ 
tained  with  minimum  complexity  in  the  fuel  system. 

3.2.3  Combustor  Design 


The  test  rig  combustor  design  state  conditions  are  shown  in  Table  VIII. 

The  first  step  in  the  detail  design  was  to  establish  the  primary  zone  fuel 
and  air  weight  flow  requirements  for  the  combustion  process.  The  combus¬ 
tion  efficiency  characteristic  assumed  in  the  subject  design  is  that  of  an 
advanced  vaporizing  system.  Combustion  efficiency  is  a  function  of  the 
primary  zone  fuel-air  ratio  as  shown  in  Figure  34.  Although  for  test  rig 
purposes  the  combustion  stability  range  requirements  were  not  as  stringent  as 
would  be  required  for  engine  application,  wide  stability  limits  were  never¬ 
theless  considered  desirable.  By  setting  the  primary  zone  weight  flow  at 
43  percent  of  the  total  combustor  weight  flow  (Figure  34),  wide  stability 
range  was  obtained  and  the  estimated  overall  combustor  performance  shown 
in  Figure  35  was  defined.  The  design  point  for  engine  application  with  a 
610°F  combustor  inlet  temperature  and  a  2500°F  turbine  rotor  inlet  tempera¬ 
ture  is  approximately  0.032  overall  combustor  fuel-air  ratio.  The  weight 
flow  distribution  and  the  combustor  entry  port  area  schedule  are  presented 
in  Table  IX. 

Previous  experience  on  vaporizing  systems  indicates  that  the  optimum  design- 
point  fuel-air  ratio  within  the  vaporizers  is  approximately  0.25.  In 
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essence,  these  criteria  define  the  air-fuel  ratio  sufficient  to  prevent 
fuel  cracking  and  deposition  while  maintaining  maximum  preheat  and  carbure- 
tion  and  correspond  to  a  weight  flow  of  about  13  percent  into  the  vaporizer. 
The  detailed  thermal  analysis  of  the  combustion  chamber  liner  film-cooling 
requirements  was  made  using  an  established  Thermal  Analyzer  Computer  Pro¬ 
gram.  This  analysis,  which  is  described  in  more  detail  in  Section  3.4.1, 
Indicated  a  requirement  of  6.3  and  21.4  percent  of  combustor  weight  flow 
for  convective  cooling  of  the  inner  and  outer  liners  respectively.  The 
balance  of  the  combustor  weight  flow  (32  percent)  was  utilized  for  dilu¬ 
tion  purposes.  This  diluent  air  is  radially  injected  into  the  chamber 
through  32  diluent  slots  located  in  the  outer  liner.  This  number  of  slots 
was  used  in  order  to  maintain  regular  circumferential  phasing  with  the  16 
primary  aircups  on  the  vaporizer  headplate.  The  length-to-width  ratio  of 
the  slots  is  close  to  4:1,  which  complies  with  established  requirements 
for  high  jet  penetration  and  good  mixing  in  the  available  mixing  length. 

ttie  required  airflow  distribution  having  been  determined,  a  comparative 
study  between  combustor  pressure  loss  and  chamber  cross-sectional  area  was 
undertaken  using  an  equation  similar  to  that  employed  by  Reference  3. 
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The  use  of  this  type  of  equation,  coupled  with  the  equations  of  continuity 
and  conservation  of  total  momentum  (to  estimate  the  momentum  loss,  or  ad¬ 
ditional  loss  in  total  pressure  due  to  the  addition  of  heat),  provided  an 
iterative  method  of  relating  overall  total  pressure  loss  and  vaporizer 
headplate  area.  An  overall  loss  of  3  percent  of  the  inlet  total  pressure 
was  selected.  This  provided  stable  flame-holding  characteristics,  pro¬ 
vided  an  attractive  engine  cycle,  and  was  consistent  with  a  compact  com¬ 
bustor  envelope  concept.  Combustion  chamber  length,  L,  may  be  regarded 
as  the  sum  of  two  intermediate  lengths:  the  length  of  the  primary,  or 
combustion  zone,  lp,  and  the  length  for  dilution,  or  mixing,  1^.  Primary 
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zone  length  la  essentially  defined  by  compliance  with  two  criteria.  The 
flrat  la  a  thermodynamic  requirement  that  the  mean  through-flow  velocities 
and  length  of  the  primary  zone  provide  aufflclent  residence  time  for  the 
fuel  to  completely  burn  prior  to  entering  the  dlli  tlon  zone.  The  second 
Is  an  aerodynamic  requirement  to  provide  a  length  sufficient  to  establish 
mixing  patterns  within  the  primary  zone.  Failure  to  satisfy  both  these 
requirements  would  result  In  loaa  of  combustor  performance,  since  unburned 
fuel  would  leave  the  primary  zone  to  be  chilled  by  the  incoming  diluent 
air. 

Primary  zone  length  in  the  design  of  small-scale  combustors  Is  generally 
governed  by  the  residence  time  criterion.  Such  was  the  case  In  the  subject 
design.  Compliance  with  the  residence  time  criterion  resulted  In  a  con¬ 
servative  length  for  aerodynamic  mixing.  A  primary  zone  length  of  5  Inches 
with  a  residence  time  of  A. 3  milliseconds  was  selected  for  the  subject 
design.  This  residence  time  is  typical  of  advanced  combustion  systems. 

The  dilution,  or  mixing  length,  Ip,  is  conventionally  rela  ed  to  the  pass¬ 
age  height  between  the  liners,  hp,  at  the  plane  of  diluent  air  entry 
(Reference  3).  Current  combustor  development  programs  at  C-W  utilizing 
single-sided  diluent  air  Introduction  have  resulted  in  satisfactory  com¬ 
bustor  discharge  temperature  distribution  with  dilution  length  to  passage 
height  ratios,  lp/ho,  as  low  as  1.40.  On  the  subject  program,  a  dilution 
length  of  approximately  3  inches  was  selected,  with  a  conservative  Iq/Iid 
ratio  of  about  2.5,  to  minimize  combustor  development.  It  should  be  noted 
that  the  conservative  combustion  chamber  length  selected  Imposes  an  In¬ 
creased  burden  on  liner  film-cooling  requirements.  However,  this  approach 
does  facilitate  combustor  modifications  for  Increased  turbine  Inlet  temper¬ 
ature  levels,  should  such  Increases  be  desirable  subsequent  to  the  immediate 
test  program. 

3.2.4  Performance 


Estimated  performance  at  design  point  condition  is  summarized  in  Table  X. 
Also  Included  In  this  table  are  the  principal  dimensions  of  the  comlootor . 

An  Indication  of  the  relative  size  of  the  combustor  is  commonly  obtained 
from  these  parameters:  reference  velocity,  residence  time,  and  heat  re¬ 
lease  rate.  Reference  velocity  la  an  empirical  figure  based  on  the  total 
flow  at  inlet  density  passing  through  the  maximum  flow  area  (Aref)  within 
the  combustor  casing.  In  the  subject  design,  this  velocity  Is  not  signifi¬ 
cant,  since  the  combustor  liner;,  were  installed  in  a  section  of  oversized 
test  ductwork  rather  than  in  a  minimum-diameter  casing.  The  resultant  ra¬ 
tio  between  the  flame  tube  flow  area  (A^)  and  the  reference  area  (Aref)  is 
approximately  0.25,  rather  than  0.5  to  0.7  which  would  be  anticipated  in 
engine  applications.  Primary  zone  residence  time  is  based  on  the  mean 
primary  zone  through-flow  ve loclty  and  primary  zone  length.  The  estimated 
design-point  value  of  4.3  milliseconds  is  representative  of  an  advanced 
design.  Heat  release  rate  per  unit  of  combustion  zone  volume  is  more 
generally  used  as  a  measure  of  combustor  size,  since  it  includes  fuel  flow 
rate  and  Inlet  pressure  level.  The  estimated  value  of  this  parameter  at 
the  test  conditions  is  13.4  x  10^  Btu/  cubic  foot/hour/atmosphere. 
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The  estimated  combustor  exit  total  temperature  distribution  is  shown  in 
Figure  36.  Two  curves  are  presented  in  this  figure.  The  first  curve 
represents  the  mean  temperature  at  any  radial  location,  while  the  maximum 
curve  represents  the  maximum  local  temperature  at  any  radial  location. 
Hence, the  mean  curve  approximates  the  profile  which  could  be  imposed  on 
the  turbine  rotor,  while  the  maximum  curve  represents  the  maximum  tempera¬ 
ture  profile  which  could  be  imposed  on  the  turbine  stator.  The  peak  value 
of  the  mean  curve  corresponds  to  a  peak  mean  temperature  of  6.1  percent 
above  the  overall  average  exit  temperature,  while  the  maximum  local  temper¬ 
ature  is  13.5  percent  above  the  overall  average  exit  temperature.  These 
profiles  represent  development  goals  based  on  test  experience  on  combustors 
utilizing  the  same  fundamental  design  criteria  and  are  compatible  with  the 
stress  limits  of  the  proposed  turbine  component. 
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TABLE  VIII 

DESIGN  CONDITIONS  FOR  TURBINE  COMPONENT  AND  TEST  RIG 

Turbine  Component 

Test  Rig 

Airflow  at  turbine  rotor  Inlet, 

W,  lb/sec 

4.0 

3.01 

Combustor  airflow,  Lb/sec 
(excluding  turbine  coolant) 

3.84 

2.89 

Rotor  cooling  all  flow,  7.  W 

4.0 

4.0 

Stator  cooling  airflow,  7.  W 

4.0 

4.0 

Combustor  Inlet  temperature,  #F 

610 

610 

Turbine  cooling  air  temperature,  °F 

610 

610 

Turbine  rotor  average  Inlet  total 
temperature,  #F 

2500 

2500 

Combustor  Inlet  total  pressure, 
psla 

- 

87.63 

Combustor  exit  total  pressure, 
psla 

116.35 

85.0 
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TABLE  IX 

COMBUSTOR  AIRFLOW  DISTRIBUTION  AND  METERING 

AREA  SCHEDULE 

Metering  Area 

Weight  Flow 

!1 

in. 

Actual 

Effective 

Ib/sec 

X  of  Total 

Combustor  Inlet  Total 

- 

- 

2.89 

100 

Outer  Liner  Passage  -  Total 

5.110 

2.493 

1.533 

53.03 

Dilution  Slots  -  Total 

2.243 

1.346 

0.915 

31.67 

Film  Cooling  -  Total 

2.867 

1.147 

0.617 

21.36 

1st  Film  Cooling  Annulus 

0.801 

0.320 

0.  160 

5.536 

2nd  Film  Cooling  Annulus 

0.550 

0  22 

0. 120 

4.152 

3rd  Film  Cooling  Annulus 

0.550 

0.22 

0.12 

4.152 

4th  Film  Cooling  Annulus 

0.795 

0.318 

0.17 

5.882 

5th  Film  Cooling  Annulus 

0.  171 

0.068 

0.047 

1.637 

Inner  Liner  -  Total 

1.23J 

0.494 

0.  182 

6.30 

1st  Film  Cooling  Annulus 

0.448 

0. 179 

0.045 

1.557 

2nd  Film  Cooling  Annulus 

0.308 

0. 123 

0.035 

1.211 

3rd  Film  Cooling  Annulus 

0.276 

0.111 

0.047 

1.626 

4th  Film  Cooling  Annulus 

0.092 

0.037 

0.025 

0.865 

5th  Film  Cooling  Annulus 

0.109 

0.044 

0.030 

1.038 

Vaporizer  Headplate  -  Total 

3.541 

2.231 

1.175 

40.67 

Vaporizer 

1.06 

0.901 

0.395 

13.67 

Primary  Aircups  -  Slots 

2.37 

1.42 

0.725 

25.09 

Primary  Aircups  -  Anti-Carbon 

Holes 

0.090 

0.054 

0.028 

0.96 

Headplate  Anti-Carbon  Holes 

0.090 

0.054 

0.028 

0.96 
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TABLE  X 

TURBINE  TEST  RIG  COMBUSTOR 

SUMMARY  OF  DESIGN  CONDITIONS  AND  PERFORMANCE 

Combustor  Inlet  Air  Conditions: 

Total  pressure,  in.  HgA 

178.5 

Total  temperature,  CR 

1070 

Combustor  weight  flow,  lb/sec 

2.89 

Density,  lb / f 1 3 

0.221 

Combustor  Exit  Conditions: 

Total  pressure,  in.  HgA 

173.1 

Total  temperature,  °R 

3040 

Peak  mean  radial  total  temperature  ratio,  T/T  »  °R/°R 

L  4 

1.061 

Maximum  local  temperature  ratio,  T^  /T»  °R/°R 

1.135 

max  4 

Basic  Dimensions: 

Length  (vaporizer  headplate  to  turbine  stator  LE) ,  in. 

8.3 

Combustion  zone  flow  area,  A,  ,  ft^ 

0. 144 

i  3 

Combustion  chamber  volume,  ft 

0.0785 

2 

Test  duct  total  flow  area  A  ,,  ft 

ref 

0.5454 

Turbine  inlet  OD,  in 

6.541 

Turbine  inlet  ID,  in 

5.459 

Combustor  fuel-air  ra.io,  F/A 

0.0323 

Combustion  efficiency,  7. 

99 

Combustor  pressure  loss,  7.  of  inlet  total  pressure 

3.0 

Reference  velocity  (total  flow  at  inlet  density  through  test 

26 

duct  total  flow  area,  A  ,),  ft/sec 

ref 

Primary  zone  residence  time,  milliseconds 

4.3 

3 

Overall  combustion  chamber  heat  release  rate,  Btu/ft  /hr/atmos 

13.4  x  106 

3 

Primary  zone  heat  release  rate,  Btu/ft  /hr/atmos 

17.8  x  106 

Combustion  Efficiency  -  Percent 


Primary  Zone  Combustion  Stability  Characteristics 


Figure  34.  Advanced  Vaporizing  Combustor. 


Figure  35.  Combustor  Design. 
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Annular  Haight  -  Par 


3.3  TURBINE  RIG  STRESS  AND  VIBRATION  ANALYSIS 


3.3.1  Stress  Analysis 

3.3. 1.1  Inlet  Combustor  Support 

The  cast  Inlet  combustor  support,  consisting  of  a  hub,  a  rim,  and  four  hollow 
•pokes  (Figure  37),  Is  subjected  to  an  axial  force  from  the  combustor.  To 
obtain  the  stresses  in  the  spokes,  a  compatibility  analysis  was  performed 
to  account  for  the  fact  that  the  vertical  and  horizontal  spokes  have  dif¬ 
ferent  cross  sections.  Considering  the  hub  as  a  rigid  ring,  the  spokes 
were  treated  as  cantilever  beams  with  ends  attached  to  a  flexible  ring. 

The  rim  exerts  a  restoring  moment  proportional  to  the  rotation  of  the  spoke; 
therefore,  by  assuming  the  deflection  of  each  spoke  to  be  equal,  the  force 
and  moment  in  each  spoke  were  obtained.  The  stress  produced  inside  the  hub 
by  the  inner  air  coolant  tube  was  determined  by  considering  the  supporting 
lip  as  a  plate  rigidly  fixed  at  its  outer  radius  and  subjected  to  axial 
•hear  of  its  inner  radius.  The  stress  levels,  which  are  shown  on  Figure  37, 
•re  below  the  material  0.2  percent  yield  stress  of  18,000  psi  at  400°F. 

3.3. 1.2  Inlet  Plate 

An  early  design  configuration  contained  an  inlet  plate  (Figure  38)  for 
which  stresses  and  deflections  were  obtained  for  two  boundary  conditions: 

1,  Inner  periphery  free  and  the  mating  flange  at  the  outer  periphery 
neglected  (Figure  39b) . 

2.  Inner  periphery  clamped  and  the  mating  flange  at  the  outer  periph¬ 
ery  taken  into  account  (Figure  39c) . 

The  above  boundary  conditions  prevailed  when  the  bolts  securing  the  plate 
to  the  outer  housing  flange  and  to  the  Inner  joint  block  were  loose  or 
tight,  respectively.  In  both  cases,  the  plate  was  assumed  to  be  subjected 
to  a  transverse  line  load  at  the  Inner  periphery.  The  maximum  axial  de¬ 
flection  was  found  to  be  19  x  10”-*  inches  and  4.5  x  10”-*  inches  for  boundary 
conditions  1  and  2,  respectively.  The  stresses  at  various  locations  of  the 
plate  are  s  unsnarl  zed  in  Figure  40.  They  are  well  below  yield  strength  ex¬ 
cept  at  the  inner  periphery,  with  the  boundary  conditions  described  in  item 
1.  However,  since  it  is  unlikely  that  11  bolts  will  accidentally  become 
loose  end  because  the  stress  is  local  and  does  not  appreciably  exceed  yield, 
the  plate  la  considered  to  be  structurally  adequate  for  rig  operation. 

3.3. 1.3  Combustion  Chamber  Liners 
Inner  Liner 


In  order  to  expedite  required  design  time,  stress  analysis  of  this  component 
was  based  on  an  assumed  temperature  distribution,  as  shown  In  Figure  41. 

This  same  figure  shows  that  the  final  temperature  distribution  does  not 
differ  enough  to  require  reanalysis.  Stress  analysis  consisted  of  theoreti¬ 
cally  dividing  the  structure  Into  two  free  bodies  (Figure  42),  typical  of 
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adjacent  sheila,  and  writing  the  equations  for  equilibrium  of  forces  and 
compatibility  of  deformations.  In  order  to  include  the  effect  of  the 
diffuser  ring,  shell  A  was  assumed  to  be  twice  as  stiff  as  shell  B.  Com¬ 
parison  of  the  stresses  obtained,  with  the  material  (Hastelloy  X)  stress 
strain  curves  at  1200°F  and  1800°F,  respectively,  shows  that  strain  is  a 
better  measure  of  this  material's  capacity  than  elastic  stress.  The  cal¬ 
culated  stress  of  68,000  psi  corresponds  to  a  strain  of  0.0036  inch/inch. 

The  material  stress-strain  curve  for  1800°F  and  a  strain  of  0.0036  inch/inch 
shows  a  corresponding  stress  of  16,000  psi.  Since  discontinuity-induced 
stresses  are  of  the  fixed  strain  type,  as  opposed  to  constant  load,  the 
material  will  yeild  to  relax  the  stresses.  In  order  to  determine  the 
ability  of  this  liner  to  withstand  proposed  test  operational  life,  a  low- 
cycle  fatigue  analysis  was  made  using  the  method  of  Reference  4  for  a  material 
reduction  in  area  at  failure  of  20  percent  and  37  percent.  A  stress  con¬ 
centration  factor  of  3  was  used  in  the  area  of  the  coolant  holes,  since  for 
the  case  of  a  series  of  holes  in  a  uniaxial  stress  field,  the  factor  is 
asymptotic  to  3.  The  above  analysis  results  in  a  strain  (^)  of  0.0054 
inch /inch,  which  on  Figure  43  shows  a  minimum  number  of  permissible  cycles 
of  175,  which  is  within  the  scope  of  the  present  test  plan. 

Outer  Liner 

The  theoretical  thermal  gradient  along  the  axis  of  the  outer  liner  is  shown 
in  Figure  44.  A  rigorous  analysis  using  the  exact  thermal  gradient  was  not 
considered  practical  due  to  the  difficulty  in  ascertaining  the  true  effect 
of  the  diffuser  rings.  A  gradient  was  assumed  (Figure  45),  and  the  struc¬ 
ture  was  theoretically  separated  into  three  free  bodies  (Figure  46)  con¬ 
sisting  of  two  long  cylinders  and  one  short  cylinder  with  a  flexural 
rigidity  twice  that  of  the  long  cylinders.  The  maximum  liner  stress  occurs 
at  the  ends  of  the  long  cylinders,  and  the  maximum  strain  is  0.0077  inch/ 
inch.  Low-cycle  fatigue  life  was  determined  using  the  same  method  described 
previously  and  can  be  seen  to  be  70  cycles  on  Figure  43  for  a  maximum  strain 
of0.0077  inch/inch.  Since  this  liner  is  subjected  to  an  external  pressure 
(3  psi),  it  was  also  checked  for  instability.  The  critical  buckling  pres¬ 
sure  was  found  to  be  77  psi,  which  ie  greatly  in  excess  of  the  expected 
operating  environment. 

Poroloy  Combustion  Chamber  Liners 


An  analysis  was  made  to  determine  the  feasibility  of  using  a  porous  mate¬ 
rial  (Poroloy)*  for  combustion  chamber  liners.  The  inner  liner  geometry 
is  shown  in  Figure  47  and  was  analyzed  for  3.0  psi  internal  pressure  at 
1300*F  uniform  temperature  throughout  the  liner. 

The  analysis  included  the  pressure  and  discontinuity  stresses  at  details 
A-A  and  B-B  shown  in  Figure  47  and  the  axial  crlticsl  buckling  stress  in 
the  liner.  In  this  analysis  the  following  assumptions  were  made: 

1.  The  flanges  are  Infinitely  rigid  relative  to  the  shell.  This  is 
conservative  in  that  deflection  of  the  flanges  will  relieve  dis¬ 
continuity  stresses  in  the  shell. 

*  Bendix  Filter  Div. ,  South  Bend,  Indiana 
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2.  Friction  forces  between  the  flange  and  piston  ring  will  not  re¬ 
strain  the  liner  in  the  axial  direction. 

The  outer  liner  geometry  is  shown  in  Figure  48  and  was  analysed  for  3.0  pel 
external  pressure  and  1300*F  uniform  temperature  throughout  the  liner. 
Stresses  we  e  calculated  at  section  A-A  of  Figure  48  for  both  the  shell- 
flange  transition  and  the  weld.  An  elastic  deformation  compatibility 
analysis  was  employed.  The  critical  buckling  pressure  was  determined  using 
methods  prescribed  in  Reference  5.  The  following  assumptions  were  made: 

1.  The  liner  is  cylindrical. 

2.  The  flanges  are  Infinitely  rigid  relative  to  the  shell.  The  shell 
is  free  to  deform  only  in  the  axial  direction. 

3.  The  stress  concentration  factor  for  the  slots  in  the  shell  is  1.5. 

From  a  structural  viewpoint,  Poroloy  liners  are  adequate  for  this  type  of 
application;  however,  in  view  of  the  experimental  nature  of  this  material, 
the  following  recommendations  are  made: 

1.  The  outer  liner  thickness  be  increased  to  0.040  inch  to  provide  a 
margin  of  safety  of  2.1  for  buckling. 

2.  A  program  be  pursued  to  obtain  further  mechanical  properties  of 
porous  materials  at  operating  temperature  anticipated  in  a  small 
combustor. 

3.3. 1.4  Outer  and  Inner  Air-Coolant  Tubes 


The  outer  and  inner  air-coolant  tubes  used  to  form  r  passage  to  carry  air 
to  the  plenum  chamber  and  to  conduct  coolant  to  the  center  of  the  disc  were 
analyzed  for  stresses  due  to  pressure  different  tl  across  the  shells  and 
an  axial  load.  Discontinuity  stresses  were  determined  by  dividing  the 
tubes  into  cylindrical  or  conical  free  bodies  and  by  using  the  method  of 
compatible  deformation.  The  inner  tube  was  considered  to  be  a  cone 
attached  to  a  flxed-ended  short  cylinder  at  the  large  end  and  a  long  cyl¬ 
inder  leading  into  a  shouldered,  threaded  ring  section  at  the  small  end 
(Figure  49).  The  outer  tube  was  considered  to  be  a  cone  attached  at  its 
large  end  to  a  transition  section  which  makes  the  junction  with  a  verti¬ 
cal  bulkhead  and,  at  its  small  end,  transitions  into  a  small  diameter 
cylinder,  Figure  50.  At  this  end  the  shell  is  free  of  restraint,  and  there 
Is  no  mechanical  stress.  Each  tube  was  considered  to  be  at  a  constant 
temperature  and  free  of  thermal  stress.  Stresses  were  found  to  be  low 
except  in  the  Inner  tube  at  the  junction  of  the  small  end  of  the  cone  with 
the  cylinder  (Figure  49).  Here,  discontinuity  stresses  reach  90  percent  of 
yield.  However,  this  stress  is  local  and  will  not  be  a  problem  under 
steady  load.  The  possibility  of  the  inner  tube's  buckling  under  external 
pressure  was  considered.  In  this  analysis,  the  stiffening  effect  of  axial 
tension  was  conservatively  neglected.  The  critical  buckling  pressure  was 
found  to  be  160  psi,  which  is  well  in  excess  of  the  design  pressure  of  60 
psi. 
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3.3. 1.5  Exhaust  Duct 


The  bell-shaped  ahella  forming  the  exhaust  duct  must  withstand  elevated 
temperatures  due  to  exhaust  gases  and  internal  pressure.  The  original 
design  configuration  is  shown  in  Figure  51.  The  stresses  on  the  inner 
shell  due  to  pressure  were  very  low;  however,  the  outer  shell  stresses 
were  high,  and  a  recommendation  to  increase  thickness  from  0,05  Inch  to  0.10 
inch  was  made.  Subsequent  to  this  analysis,  a  design  change  was  incorporated 
such  that  the  configuration  is  as  shown  in  Figure  52.  The  receipt  of  tem¬ 
perature  data  showed  that  high  stresses  occurred  as  a  result  of  temperature 
differences  between  the  housing  and  exhaust  duct  shells.  In  order  to 
reduce  the  stresses  due  to  these  thermal  gradients,  the  housing  material 
was  ch'nged  to  that  of  the  exhaust  duct  (Hastelloy)  ,  and  the  housing  stiff¬ 
ness  w.  s  decreased  by  reducing  flange  and  shell  thickness.  In  addition, 
local  ai«as  will  be  insulated  and/or  spray  cooled  to  reduce  stresses  to 
acceptable  levels  shown  in  Figure  53. 

3.3. 1.6  Bearing  Support  Structure 

The  primary  structural  design  criterion  of  the  bearing  support  is  the 
spring  rate  which  must  be  determined  in  order  to  calculate  critical  speed. 

The  spring  rate  is  defined  as  the  ratio  of  the  applied  load  at  a  point  to 
the  resulting  deflection  at  that  point.  To  obtain  the  spring  rate  at  the 
forward  bearing  position  (Figure  54),  the  flange  is  assumed  to  be  perfectly 
rigid  and  the  support  is  considered  as  a  cantilever  beam.  Both  bending  and 
shear  deformation  were  considered  in  determining  the  spring  rate.  The  thrust 
bearing  is  in  the  plane  of  the  flange  and  is  connected  to  it  by  four  ribs, 
or  spokes.  The  spring  rate  at  this  bearing  was  obtained  by  considering  the 
deformation  of  the  ribs  only.  The  spring  rate  at  the  forward  bearing  is 
2.1  x  1()6  pounds/inch.  The  spring  rate  at  the  thrust  bearing  is  17.2  x  10^ 
pounds/ inch. 

3.3. 1.7  Out* r  Housing 

The  outer  housing  is  formed  by  bolting  together  three  flanged  cylinders  of 
the  same  radii  and  thicknesses.  The  stator  support  is  bolted  between  two 
of  these  sections  (Figure  55).  The  housing  and  flanges  must  withstand  a 
tensile  axial  force,  an  internal  pressure,  and  temperature  gradients.  The 
most  severe  thermal  gradients  occur  in  the  vicinity  of  the  exhaust  liners 
and  are  discussed  in  that  section  of  the  report.  The  discontinuity 
stresses  produced  at  a  flange  by  the  tensile  axial  force  and  the  internal 
pressure  were  found  by  compatibility  analysis.  The  flange  was  treated  as 
a  hollow  disc  with  a  rigidly  fixed  outer  edge,  which  was  taken  as  the 
center  line  of  the  bolt  holes,  and  an  inner  edge  joined  to  a  long  cylinder. 

By  finding  the  forces  and  moments  that  make  the  deformations  of  the  disc 
and  cylinder  compatible,  the  stresses  induced  by  pressure  and  axial  force 
were  determined.  The  stator  support  was  treated  as  a  disc  with  nn  axial 
shear  at  its  inner  edge  and  its  outer  edge  rigidly  fixed  to  the  housing 
flanges.  The  stress  levels  for  all  the  above  components  are  well  below 
material  yield,  as  shown  in  Figure  55. 
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Continuous  attention  was  given  to  the  vibration  aspects  of  the  various  de¬ 
sign  configurations  during  the  first  phase  of  the  work.  This  work  con¬ 
sisted  primarily  of  determining  the  critical  speeds  of  the  turbine  shafts. 


For  the  sake  of  analysis,  the  shaft  was  divided  into  a  number  of  sections 
conveniently  located,  and  the  geometrical  properties  of  these  sections 
were  computed.  Isotropic  spring  rates  representing  the  elasticities  of 
the  bearings  and  casings  at  both  front  and  rear  supports  were  next  assumed. 
After  the  geometry  was  defined,  the  Information  was  used  In  a  digital 
computer  program. 

This  computer  program  not  only  establishes  the  critical  speeds  of  the  sys¬ 
tem  by  considering  the  inherent  random  eccentricity  and  gyroscopic  forces, 
but  readily  computes  the  shear  forces,  moments,  deflections,  first  deriv¬ 
atives  of  the  deflection,  and  normalized  deflections. 

The  analysis  is  based  on  the  procedure  for  finding  forced  deflections  of 
an  elastic  rotor  on  flexible  supports  when  the  center  of  gravity  of  one 
or  more  rotating  masses  does  not  lie  on  the  axis  of  rotation,  and  a  modi¬ 
fied  Prohl's  method  Is  used.  Four  equations  can  be  written  for  the  portion 
of  the  shaft  between  sections  n  and  n  +  1,  expressing  the  equilibrium  of 
forces  and  moments  and  the  compatibility  of  deflections  and  slopes  of  the 
elastic  curve.  Assuming  now  a  rotating  speed,  the  program  checks  whether 
the  given  boundary  conditions  are  satisfied.  If  these  conditions  are  not 
satisfied,  another  rotational  speed  Is  assumed  and  the  step-by-step  Inte¬ 
gration  procedure  Is  repeated.  The  critical  speeds  occur  at  those  rota¬ 
tional  speeds  at  which  both  the  difference  equations  and  the  boundary 
conditions  are  satisfied. 

Since  the  effective  spring  rates  could  be  determined  only  after  the  con¬ 
figuration  was  agreed  upon,  a  parametric  critical  speed  study  was  under¬ 
taken  to  facilitate  the  selection  of  the  best  design;  the  resulting  crit¬ 
ical  frequency  versus  front  main  and  rear  main  bearing  support  curves  were 
plotted.  A  typical  curve  is  shown  in  Figure  56. 

Based  on  the  analysis,  it  was  concluded  that  the  first  critical  speed  is 
primarily  controlled  by  the  front  main  bearing  support  spring  rate,  whereas 
the  rear  main  bearing  support  spring  rate  Is  more  Important  from  the  point 
of  view  of  the  second  critical  speed.  The  parametric  study  further  Indi¬ 
cated  that  by  considering  support  spring  rates  having  practical  values  and 
considering  the  rather  wide  operational  range  of  20,000  -  55,000  rpm  of 
the  rig,  the  first  critical  speed  cannot  be  obtained  above  this  range; 
furthermore,  a  resonant  condition  would  be  found  within  this  speed  range. 

Geometric  description  of  the  analyzed  configurations,  the  computed  com¬ 
ponent  spring  rates,  the  total  resultant  spring  rates,  and  the  correspond¬ 
ing  critical  speeds  art  shown  In  Tables  XI,  XII  and  XIII,  respectively. 


Inasmuch  as  an  extended  operation  might  be  required  at  any  of  the  speeds 
between  20,000  and  55,000  rpm,  having  a  condition  where  a  critical  speed 
was  within  this  range  was  considered  to  be  Intolerable. 

After  several  possibilities  were  considered,  it  was  decided  that  the  de¬ 
sign  criterion  for  reducing  the  first  critical  speed  below  the  operation¬ 
al  range  while  bringing  the  second  critical  above  55,000  rpm  would  result 
in  a  resonance-free  speed  span  and  consequently  would  provide  safe  and 
noiseless  rig  testing.  Accordingly,  a  flexible  front  main  bearing  sup¬ 
port  was  designed  to  obtain  a  low  first  critical  speed  while  maintaining 
the  rear  main  bearing  support  relatively  stiff  to  control  the  second 
critical  speed.  The  shaft  and  support  design  submitted  with  this  report 
depicts  this  philosophy. 

In  spite  of  the  fact  that  the  interchangeable  soft  front  main  bearing  sup¬ 
port  provides  enough  flexibility  to  keep  unexpected  excitations  and  re¬ 
sponses  under  control,  additional  refinement  of  the  analysis  will  be  con¬ 
ducted  during  the  second  phase  of  the  work  as  the  turbine  component  details 
are  finalized  to  more  accurately  predict  vibration  phenomena,  to  eliminate 
rough  operation,  and  to  prepare  various  spring  sizes  for  various  operating 
conditions.  The  critical  speeds  will  be  redefined,  and,  in  addition,  the 
system  will  be  analyzed  for  synchronous  whirl,  for  amplitude  responses, 
and  for  deflections  caused  by  the  loss  of  a  turbine  blade.  It  is  felt 
that  these  precautions  will  help  to  prevent  unnecessary  shutdowns  and  to 
maintain  efficient  testing. 


DEFINITION 

TABLE  XI 

OF  THE  ANALYZED  CONFIGURATIONS 

Config¬ 

uration 

No. 

Weight  of 
Turbine 
(lb) 

Overhang 

Length 

(in.) 

Span 

Between 

Bearings 

(in.) 

Total  Length 
Between  Center 
Lines  of  RMB 
and  Turbine 
(in.) 

1 

8.400 

1.800 

3.25 

5.050 

2 

6.600 

1.025 

3.000 

4.025 

3 

10.50 

0.897 

3.25 

4.147 

4* 

10.50 

- 

16.750 

16.750 

5 

10.50 

1.500 

3.250 

4.750 

6 

12.50 

2.750 

5.500 

8.250 

7 

7.00 

0.897 

7.353 

8.250 

8 

8.00 

1.000 

7.250 

8.250 

9 

8.33 

2.000 

6.250 

8.250 

*  No  Overhang 
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TABLE  XIII 

TABLE  OF  CRITICAL  SPEEDS 


Con fig¬ 
uration 
No. 

FMB  Raaultant 
Spring  Rate 
x  IQ*  (lb/in.) 

RMB  Reaultant 
Spring  Rate 
x  106  (lb/in.) 

First 
Critical 
Speed  ( r pm ) 

Conclusion 

1 

i.000 

1.000 

33,000 

Critical  speed  is 
in  the  operational 
range. 

2 

1.366 

0.731 

64 , 200 

Lightweight  con¬ 
figuration. 

3 

1 . 300 

0.730 

51,760 

Critical  speed  is 
in  the  operational 
range. 

4 

1.300 

0.730 

30,840 

Critical  speed  Is 
in  the  operational 
range. 

3  a 

1.300 

0.730 

43,160 

Critical  speed  is 
in  the  operational 
range. 

5  b 

0. 100 

0.100 

13,275 

Spring  rates  were 
determined  to  bring 
critical  speed  be¬ 
low  15,000  rpm. 

6  a 

1.300 

0.730 

15,900 

Critical  speed  is 
below  the  opera¬ 
tional  range. 

6  b 

1.30 

0.325 

15,970 

Critical  speed  is 
below  the  opera¬ 
tional  range. 

7 

1.30 

0.956 

64,605 

Critical  speed  is 
above  the  opera¬ 
tional  range. 

8 

0.722 

0.365 

44,360 

Critical  speed  is 
in  the  operational 
range. 

9 

1.086 

0.325 

21,920 

Critical  speed  is 
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21,920 


Critical  speed  is 
in  the  operational 
range. 


Cast  Stainless  Steel 
0.21  Yield  -  18,000  psi 
(?  400  °F 


J 


Vertical  Spoke 


Notation: 

irv  ■  Bending  stress  in  vertical  spoke 
<r  h  -  Bending  stress  in  horizontal  spoke 


Figure  37.  Inlet  Combustor  Support. 
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Yield  Stress  at  600’F,  6y  «  20,000  psi 
(Plate  Material  AISI  321) 


Figure  40.  Summary  of  Stresses  in  Inlet  Plat 


Figure  41.  Inner  Liner. 
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Figure  45.  Liner  Section  With  Rectangular  Gradients. 
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Figure  46.  Liner  Section  With  Rectangular  Gradient. 


99 


Stator 

Flanges  Support  Housing 


Vi 


1980 

1080 

e> 

o 

i“H 

o 

I  CM 

u, 

O 

CM 

CM 

cn 

UJ 

o 

990 

1300 

2290 

u 

O  Cl 

O  n.  2' 

O'  o  c 

O'  H  N 

OQ 

1080 

2190 

3270 

< 

o  o  o 

B  n  rl 

on® 

i— 1  i— 1  CM 

Stress 

Tangential 
Axial 
Bending 
Total  Axial 

0] 

a 

o 

o 

a 


ii 


CO 

0 

w 

o 

o 

rM 

*— 1 

0) 

<u 

u 

AJ 

<d 

CO 

T3 

(0 

0) 

OJ 

0) 

H 

>« 

c 

•»M 

r* 

td 

(N 

4J 

• 

CO 

O 

2 


00 

c 

to 

3 

o 

X 


in 

m 

a) 

u 

3 

60 

•H 

IX 


8 


Critical  Speed 


] 


! 


* 


i 

! 


S 


0 


* 


Pirat  Critical  Speed  Vs 
Support  Spring  Rates 
Configuration  No.  5 
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Resulant  Spring  Rate  x  10  pounds/inch 


Figure  56.  First  Critical  Speed  Vs  Support  Spring  Rate. 
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3.4  TURBINE  RIG  HEAT  TRANSFER  ANALYSIS 


3.4.1  Thermal  Analysis  of  Combustor 

The  purpose  of  this  analysis  was  to  determine  the  slot  geometry  and  cool¬ 
ant  flow  rates  required  to  maintain  the  liner  metal  temperature  distribu¬ 
tion  compatible  with  stress  requirements. 

The  results  of  the  analysis  are  shown  in  Figures  57,  58,  and  59.  Figure 
57  shows  the  optimized  slot  geometry  and  coolant  flow  rates.  The  design 
point  steady-state  temperature  distribution  of  the  combustor  liners  and 
casings  Is  presented  in  Figures  58  and  59. 

This  optimization  was  carried  out  utilizing  an  established  Thermal  Ana¬ 
lyzer  Computer  Program.  The  analytical  procedure  determines  cooling 
effectiveness  by  means  of  a  detailed  examination  of  the  thermal  and  fluid 
mechanisms  involved.  Specifically,  fluid  velocity  profiles  near  the  wall 
and  resulting  changes  caused  by  momentum  and  thermal  Interchanges  between 
the  injected  coolant  and  the  gas  stream  are  determined  to  obtain  an  ana¬ 
lytical  approach  to  fllm-coollng  thermal  behavior. 

The  following  heat  fluxes  were  considered  in  the  steady-state  analysis: 

1.  Luminous  radiation  from  flame  to  liners. 

2.  Convective  heat  transfer  from  flame  to  liners. 

3.  Conduction  within  liners. 

4.  External  convection  cooling  of  liner  by  coolant, 

5.  Radiation  from  liners  to  casing  or  cooling  air  duct. 

6.  External  convection  cooling  of  casing  or  ccollng  air  duct. 

7.  Convection  cooling  and  radiation  heating  within  fllm-coollng  slots. 

Thermal  radiation  from  the  flame  may  be  determined  by  use  of  the  Stefan- 
Boltzman  relation,  provided  that  an  appropriate  value  is  used  for  the  ef¬ 
fective  flame  emissivlty.  Experimental  values  have  been  provided  by 
Reference  6  for  such  emissivities ,  which  are  applicable  to  typical  air¬ 
craft  combustion  chamber  operating  conditions.  This  Information  includes 
data  for  high-pressure  operation  and  provides  an  effective  flame  emissiv¬ 
lty  of  0.38  for  the  subject  design  point  operating  conditions. 

A  separate  analysis  was  undertaken  to  determine  in  more  detail  the  temper¬ 
ature  distribution  in  the  vicinity  of  the  orifices.  This  analysis 
showed  that  the  wall  temperature  gradients  in  the  vicinity  of  the  ori¬ 
fices  would  be  small  because  the  air  leaving  the  orifices  quickly  acquires 
a  uniform  velocity  distribution.  Since  wall  temperatures  depend  upon  heat 
transfer  rates  which,  in  turn,  depend  upon  air  velocities,  a  relatively 
uniform  wall  temperature  distribution  is  established  immediately  downstream 
of  each  row  of  orifices. 

This  method  of  predicting  liner  tempers.tures  has  previously  been  applied  to 
various  combustion  chambers,  and  the  results  compared  favorably  with  test 
data.  Typical  agreement  between  predicted  and  observed  liner  temperatures 
is  shown  in  Figure  60.  These  data  are  for  the  NAK  burner ,  where  operating 
conditions  are  similar  to  those  of  the  USAAVLABS  combustion  chamber. 
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3.4.2  Turbine  Shroud  Temperature  Distribution 


One  of  the  primary  considerations  in  the  successful  operation  of  the  tur¬ 
bine  component  design  In  Phase  I  Is  the  maintenance  of  a  turb1 2 3 4 5 6 7 8 9ne  rotor 
shroud  concentric  with  the  rotor  assembly  and  having  a  minimum  radial 
clearance  for  optimum  efficiency.  To  achieve  such  a  design  required  sig¬ 
nificant  design  study  of  mechanical  features  and  methods  of  cooling.  The 
solution  selected  provides  for  air-cooling  the  shroud  support  ring  to  a 
relatively  low  temperature  to  prevent  radia  expansion  and  hanging  the 
shroud  segments  from  this  ring.  The  segments  will  be  at  higher  tempera¬ 
tures  than  the  support  ring,  and  their  radial  expansion  is  constrained  by 
the  cooler  support  ring,  thereby  making  it  possible  to  hold  close  rotor 
tip  clearances. 

Various  schemes  were  investigated  and  are  shown  in  Section  3.1.  However, 
it  was  not  until  the  design  concept  shown  in  Figure  61  was  made  that  a 
significant  advance  was  made  from  a  temperature  distribution  standpoint. 
This  figure  indicates  the  calculated  temperatures  in  all  portions  of  the 
assembly.  The  turbine  inlet  temperature  used  for  these  results  was  2500°F, 
and  the  coolant  air  temperature  was  assumed  to  be  610°F.  A  coolant  air¬ 
flow  of  0.039  pound/second  was  required. 

A  further  modification  was  made  to  simplify  manufacturing,  and  the  results 
of  this  change  can  be  clearly  seen  on  Figure  62.  The  temperature  distri¬ 
bution  noted  was  considered  to  be  acceptable  from  a  stress  standpoint,  and 
the  design  was  incorporated  as  part  of  the  rig  assembly. 

3.4.3  Exhaust  Duct 

An  intensive  investigation  was  made  of  the  thermal  characteristics  of  the 
exhaust  duct,  which  is  designed  to  receive  the  gases  discharging  axially 
from  the  turbine  component  and  to  direct  them  radially  outward  to  a  collec¬ 
tor  duct  for  discharge  into  the  test  facility  exhaust  system.  The  duct 
is  supported  by  an  outer  ring  which  becomes  part  of  the  rig  housing.  A 
thermal  analysis  of  this  complete  structure  to  determine  temperature 
gradients  was  made  for  a  series  of  designs  and  design  modifications.  The 
analysis  took  into  account  the  following: 

1.  Radiation  from  the  hot  gas  to  the  duct  walls. 

2.  Nonluminous  radiation  from  the  outer  duct  wall  to  the  casing. 

3.  Radiation  from  the  casing  to  the  ambient  air. 

4.  Film-cooling  in  the  duct. 

5.  Forced  convection  around  the  inner  duct  wall. 

6.  Natural  convection  from  the  casing  to  the  ambient  air. 

7.  Conduction. 

8.  Radiation  from  the  outer  duct  wall  to  the  inner  duct  wall. 

9.  Natural  convection  within  the  annular  space  between  the  outer 
duct  wall  and  ..he  casing. 
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By  the  use  of  a  flow  divider,  the  exhaust  duct  cooling  air  (0.35  pound/ 
second)  is  split  into  two  parts.  The  cooling  air  below  the  flow  divider 
impinges  on  the  back  side  of  the  turbine  rotor  disc  and  enters  the  gas 
stream  as  a  convective  film  on  the  outside  of  the  inner  duct  wall.  The 
cooling  flow  above  the  flow  divider  convectively  cools  the  inside  surface 
of  the  inner  duct  wall  and  then  likewise  impinges  on  the  back  side  of  the 
turbine  rotor  disc  and  enters  the  gas  stream  as  a  convective  film  on  the 
outside  of  the  inner  duct  wall. 

Figure  63  depicts  one  of  the  earlier  designs  and  indicates  the  wall  tem¬ 
peratures.  In  this  design,  20  percent  of  the  exhaust  duct  cooling  air 
flows  above  the  flow  divider.  A  stress  analysis  of  this  part  Indicated 
unacceptable  stress  levels  with  this  configuration.  In  order  to  reduce 
the  stresses,  the  thickness  of  the  duct  walls  was  increased,  and  insula¬ 
tion  was  added  to  the  flanges.  Figure  64  shows  the  results  of  this 
analysis.  Because  of  the  insulation,  high  temperatures  (1707°F)  were 
reported  on  the  outer  duct  wall,  and  unacceptable  stresses  were  obtained. 

In  the  design  which  finally  evolved,  the  insulator  was  removed  from  the 
flanges,  the  coolant  flow  was  Increased  along  the  wall,  and  the  duct 
housing  was  "fog-water"  cooled.  Figure  65  shows  the  temperatures  for  the 
exhaust  duct  and  housing  using  "fog-water"  cooling.  The  analysis  of  the 
"fog-water"  cooled  portion  of  the  exhaust  duct  housing  assumes  that 
(1)  all  the  water  injected  through  the  fog  nozzles  hits  the  duct  housing 
surface  and  vaporizes  and  (2)  the  water  is  homogeneously  distributed. 

In  order  to  obtain  the  temperatures  shown  in  Figure  65,  approximately 
7-1/4  gallons  of  water /hour /square  foot  of  surface  will  be  needed.  The 
exact  amount  of  water  will  have  to  be  determined  experimentally. 

A  similar  temperature  distribution  could  be  obtained  using  air  jets  in¬ 
stead  of  "fog-water"  cooling  to  cool  the  duct  housing.  Less  than  0.05 
pound/second  of  air  would  be  needed.  Further  analysis  would  be  required 
to  determine  more  accurately  the  amount  of  cooling  air  and  the  resulting 
temperature  distribution. 
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Inner  Liner 


Coaling  Band 


Outer  Liner 


Slot 

Number 


Slot 

Height  (inches) 


Coolant 
Plow  (lb/sec) 


2 

3 

.020 

.020 

.  12 

.12 

1 _ 

5 

6 

.020 

.015 

8 

9 

10 

.015 

.020 

.020 

.047 

.035 

.045 

Operating  Conditions 
Combustor  Inlet  Air  Temperature 
Combustor  Inlet  Pressure 
Combustor  Airflow 
Primary  Zone  Temperature 
Secondary  Zone  Temperature 
Inner  Liner  Airflow 
Outer  Liner  Airflow 


6I0°F 

87.63  psia 

2.89  lb/sec 

3970°F 

2500°F 

6.3Z 

21. 2X 


Figure  57.  Turbine  Test  Rig  Combustor  Operating  Conditions,  Slot 
Coolant  Flow  Distribution,  and  Slot  Heights. 


Metal  Temperatures 


Metal  Temperatures 


Cooling  Air  Duct  Inner  Part 


Combustor  Inlet  Air  Temperature  610°F 
i  Combustor  Inlet  Pressure  87.63  pcia 


i  Combustor  Inlet  Pressure  87.63  ppia 

Combustor  Airflow  2.89  lb/6ec 

Inner  Liner  Coolant  Flow  6.3X 

Primary  Zone  Temperature  3970°F 

*  Secondary  Zone  Temperature  2500°F 


Figure  59.  Combustion  Chamber  Inner  Liner,  Cooling  Air  Duct, and  Cooling 
Band  Temperatures. 
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Metal  Temperature 


NAK  Burner  -  Metal  Temperature  Liner  and  Housing 


Housing 


R.  .  -  12.25  in. 

nousing 
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*  1400 


1200  r 


1000 


Test  Data 
]  Corrected 
A  Measured 


Operating  Conditions 

Combustor  Inlet  Air  Temperature  980-1060°F 

Combustor  Inlet  Pressure  130  in.  Hg 

Fuel  Flow  Rate  87.1  lb /he 

Airflow  Rate  12,600  lb/hr 


Figure  60.  Comparison  of  Analytical  and  Experimental  Metal  Temperature  Data. 
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Coolant  at  610®F 


Figure  63.  Temperature  Distribution  in  the  Exhaust 


Asbestos  Insulation 


Figure  64.  Temperature  Distribution  In  the  Exhaust  Duct  -  Insulated  Design 


3.5  TEST  EQUIPMENT  DESIGN 


The  test  equipment  and  facility  design  for  the  Phase  II  portion  of  the  con¬ 
tract  series  of  tests  was  divided  into  two  distinct  tasks.  The  testing  of 
the  turbine  rig  will  concentrate  initially  on  the  development  of  the  annu¬ 
lar  combustor  designed  specifically  to  provide  the  high- temperature  gas  for 
operation  of  the  turbine  component.  Next,  the  stator  vanes  will  also  be 
tested  separately  from  the  rotating  component  to  determine  their  heat 
transfer  characteristics  and  preliminary  aerodynamic  performance.  Task  one 
was  the  design  of  a  test  rig  to  accommodate  the  test  and  development  of 
these  two  nonrotating  components.  Task  two  was  the  design  of  a  facility  to 
accommodate  the  complete  rotating  single-stage  high- temperature  turbine  for 
both  cold  air  performance  testing  and  high-temperature  endurance  testing. 

3.5.1  Combustor  and  Turbine  Stator  Teat  Rig 

The  basic  design  for  thla  rig  is  patterned  after  the  test  equipment  uti¬ 
lized  in  the  Phase  I  portion  of  the  contract  for  the  two-dlmenalonal  cascade 
tests.  In  fact,  various  parts,  ducts,  controls,  etc.,  used  in  this  r.arly 
rig  will  be  utilized  again  where  possible  in  the  new  rig.  Figure  66  showB 
the  arrangement  of  this  combustor  and  turbine  stator  rig  in  the  test  fa¬ 
cility.  The  facility  that  will  be  used  is  the  same  one  that  has  been  used 
for  the  two-dimensional  cascade  mentioned  previously  and  reported  in  Sec¬ 
tion  5.2  of  this  report.  The  general  arrangement  of  components  is  shown 
schematically  on  Figure  67.  A  basic  facility  air  supply  will  be  used  as 
the  source  for  all  airflow  requirements,  including  main  stream  flow,  blade 
cooling  airflow,  and  secondary  cooling  airflow,  for  rig  hardware  and  in¬ 
ternal  teat  equipment.  All  airflows  of  particular  concern  will  be  moni¬ 
tored  and  measured  using  flat-plate,  sharp-edged  orifices  constructed,  in¬ 
stalled,  and  calibrated  per  (ASME)  standards.  Flow  indication  will  be 
accomplished  using  liquid  level  manometers,  and  control  will  be  established 
through  rtimotely  operated,  air-controlled  valves.  The  blade  cooling  air¬ 
flow  circuit  will  be  equipped  with  electrical  heaters  to  provide  the  de¬ 
sired  cooling  air  Inlet  temperature.  Positive  filtration  to  the  5-micron 
level  will  be  provided  in  series  with  the  heater  circuit  to  make  certain 
of  the  air  cleanliness  level  and  thereby  prevent  one  possible  variable 
from  affecting  the  test  results. 

The  main  air  supply  to  the  primary  combustor  will  be  preheated  using  a  hy¬ 
drocarbon  fuel  to  simulate  the  air  inlet  temperature  normally  seen  by  such 
a  combustor  when  receiving  air  from  a  high-preaaure-ratio  compressor.  The 
fuel  supply  and  fuel  system  will  be  the  same  as  those  currently  being  used 
in  the  cascade  rig  which  utilizes  a  JAECO  (Warrington,  Pennsylvania)  posi¬ 
tive  displacement  pump  as  the  key  element. 

In  addition  to  the  cooling  requirements  anticipated  within  the  rig  where 
air  is  utilized  as  the  cooling  fluid,  a  further  cooling  requirement  is 
handled  in  the  exhaust  system  by  the  use  of  water  spray.  Water  is  also 
uaed  to  provide  an  effective  means  of  cooling  for  the  rotating  probe,  where 
care  la  taken  that  it  does  not  Interfere  with  the  main  stream  airflow.  The 
present  test  facility  exhaust  system  will  be  used  to  discharge  the  combus¬ 
tion  gases  to  the  atmosphere.  A  valve  in  this  exhaust  line  will  provide  a 
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means  of  back  pressuring  the  system  for  attainment  of  the  desired  mass  flows 
and  upstream  pressures. 

The  rotating  probe  mentioned  above  has  been  designed  to  obtain  pressure  and 
temperature  traverses  elth*..:  immediately  downstream  of  the  combustor  during 
combustor  tests  or  downstream  of  the  full  stator  assembly  during  stator 
tests.  Figure  68  shows  the  design  and  assembly  of  this  rotating  probe 
in  position  downstream  of  the  combustor  and/or  turbine  stator  during  tests. 
Both  air  and  water  will  be  used  to  maintain  a  moderate  metal  temperature 
throughout  the  assembly  in  order  to  maintain  structural  integrity.  The 
probe  head  will  be  capable  of  traversing  360  degrees  circumferentially  to 
measure  both  temperature  and  pressure  profiles.  Figure  68  indicates  the 
method  of  driving  this  probe  to  obtain  the  360-degree  circumferential  ro¬ 
tation. 

In  general,  the  system  as  designed  will  easily  withstand  the  full  operating 
pressures  and  temperatures  anticipated  during  operation.  Water  quench  fa¬ 
cilities  have  been  added  to  the  exhaust  system  in  a  quench  chamber  to  re¬ 
duce  the  full  combustor  flow  from  2500°F  average  temperature  to  600°F  be¬ 
fore  discharging  through  the  back  pressure  valve  and  into  the  standard  ex¬ 
haust  system. 

3.5.2  Turbine  Performance  and  High-Temperature  Test  Rig 

The  second  facility  design  is  required  to  provide  a  means  of  testing  the 
complete  turbine  stage  to  determine  both  aerodynamic  and  thermodynamic  per¬ 
formance,  as  well  as  i t 8  operating  characteristics  at  the  design  gas  tem¬ 
perature  of  2500°F.  A  schematic  diagram  of  the  required  facility  compo¬ 
nents  is  shown  in  Figure  69.  The  basic  difference  in  facility  requirements 
for  this  series  of  tests  i3  the  necessity  for  providing  a  mechanism  for  ab¬ 
sorbing  the  shaft  power  generated  by  the  turbine  under  test.  Schemat¬ 
ically,  this  system  is  shown  by  a  gearbox  and  a  water  brake  which  are  driveu 
by  the  turbine.  A  regulated  pressure  water  supply  is  required  for  opera¬ 
tion  of  the  water  brake  and  is  accomplished  using  a  constant-level  water 
supply  tank  with  a  regulated  gas  blanket  maintaining  the  proper  head.  This 
provides  a  constant  water  flow  to  the  brake,  thereby  improving  the  sta¬ 
bility  and  control  of  the  system. 

The  other  features  of  the  facility  are  very  similar  to  those  designed  into 
the  combustor-turbine  stator  rig.  An  additional  cooling  air  supply  has 
been  added,  however,  with  a  separate  control  and  measurement  system  to  pro¬ 
vide  the  necessary  cooling  flow  to  the  transpiration-cooled  rotor  blades. 

Specifications  were  drawn  up  for  the  proposed  power  absorber  system  based 
on  the  turbine  design  characteristics  and  predicted  performance  discussed 
previously.  The  basic  criteria  established  for  performance  testing  which 
define  the  lower  power  absorption  range  are  indicated  below. 


Turbine  Power  and  Torque 

Basic  Criteria  -  Turbine  Performance  Testing 

1.  Minimum  «1  lovable  physical  speed  "  15,000  rpm . 

2.  Turbine  discharge  pressure,  atmospheric. 

3.  Evaluate  performance  at  pressure  ratios  up  to  2.6  from  N/  /  T 
of  50  percent  to  110  percent . 

4.  Set  pressure  ratio  by  adjusting  inlet  pressure. 

5.  Set  N/  /T~ by  holding  speed  constant  and  varying  inlet  temperature 

where  possible.  Maximum  T  inlet  ■  1600°F;  minimum  T  inlet  “  200°F 
(to  prevent  icing  of  blades).  (See  Figure  70.) 

6.  Maximum  allowable  airflow  “  4  pounds/second  (see  Figure  71  for  in¬ 
let  temperature  and  pressure  limitation). 

Basic  Criteria  -  High  Temperature  Testing 

1.  Maximum  turbine  inlet  pressure  »  85  psia. 

2.  Maximum  turbine  inlet  average  temperature  -  2500°F. 

3.  Maximum  turbine  speed  “  55,000  rpm. 

4.  Test  turbine  from  N/  /T~  of  50  percent  to  110  percent  up  to  pres¬ 
sure  ratio  ot  2.6  maximum. 

Basic  Dr<ta  Assumed 

1.  Preliminary  turbine  performance  map  is  discussed  in  Section  2.1. 

2.  Zero  speed  torque  is  equal  to  twice  design  speed  torque. 

The  following  expressions  were  developed  to  further  define  the  power  ab¬ 
sorption  characteristics: 

1.  Horsepower:  Horsepower  ■  1.415 -W- Ah  (8) 

W  -  Airflow  -  pound/second 
Ah  ■  Turbine  enthalpy  drop  -  Btu/pound 
P  “  Inlet  pressure  -  psia 

T  “  Temperature  -  degrees  Rankine  (°F  +  460) 
N  “  Speed  -  rpm 
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Multiplying  and  dividing  horsepower  equation  by  P,  T,  and  N,  the  fol¬ 
lowing  equation  results: 


Horsepower 


-  1.415  X 


*.  •  -  /*• 


inlet  V  Inlet 


HF-)  (^) 

T 


L(tH  J 


(9) 


@  design  conditions: 


■  100  percent  -  1770 


100  percent  ■  0.0473 


- -  100  percent  “  920 

fr 

Expressing  horsepower  equation  In  terms  of  percent,  (10) 

1770  /  ,W!l\/i0473  \/_ 

100  '  *P  /'  100  /v*  T  / 


Horsepower 
>  Jr 

Inlet  *  Inlet 


1.415  X 


920 


Horsepower 


**  Inlet 


inlet 


0,001288  X 


Kxf9  W 


(u) 


Figure  72  shows  horsepower  vs  N/  /  T  .  Figure  73  shows  this  relation¬ 
ship  plotted  parametrically. 
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2.  Torque: 


Horsepower  (5250) 

6  -  - 

N 

Horsepower  ■  1.415  Vi  h 

.\  $  -  7430  W.ft  - 

N 

By  multiplying  and  dividing  by  P  and  T, 


In  terms  of  percent , 


Refer  to  Figure  74  for  the  parametric  plot. 


(12) 

(13) 

(14) 


Calculation  of  Torque  and  Horsepower 


Turbine  Performance  Testing 

(Refer  to  Figure  70  for  speed  and  temperature  vs  N/  /  T . ) 
Sample  calculation 
0  max  conditions 

Pinlet/Pdownatream  “  2‘6;  ‘“pherlc  discharge 

Pinlet  "  2*6  <15)  "  39  P*ia 
N 

0  ~=  ■  801,  T  “  1155  °R,  N  -  25000  rpm 

V  T 

/T~-  / 1155  -  34 

from  Figure  74;  0  —  -  301  and  P.  ,  /p,  =2.6 

inlet  j  downstream 

_ Horsepower  -  0.1370 

Pinlet v  "inlet 

/.  Horsepower  -  .1370  (39)  (34)  -  181.5 

from  Figure  74;  _ — t —  _  0.976;  #  -  0.976  (39)  =  38. 

inlet 


ft/lb 
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Starting  Torqua 


Aasime  atart-up  turbine  with  preheat  of  600eF 

Assume  preaaure  ratio  of  2.6  with  atmoapheric  diacharge 


*  *  ^ inlet 


39  paia 


* 


Check  for  flow: 


U  pr 

r inlet 


-  1.924 


■  2.31  lb/ 

/1060 


aec 


which  is  leas  then  max  allowable  W  of  4  lb/sec  satisfactory 
@  ioot:  N 


,  N  -  920  J 1060  -  30,000  rpm 


P 


0.815  t  -  39  (0.815)  -  32  ft/lb 


inlet 


,  .  Starting  Torque  *  2  (32)  ■  64  ft/lb  @  N  -  0 

Figure  75  illustrates  the  estimated  torque  characteristics  based 
on  the  parametric  plot,  Figure  74. 

Maximum  Allowable  Power  Absorber  Inertia 


Assume  acceleration  from  0  to  25,000  rpm 
33.6+64  102.6 


-  51.3  ft/lb 


Average  torque 

$  -  ICC 


where  I  ■  moment  of  inertia  about  axis  of  rotation  - 

2 


(16) 


lb/ft 

(X"  angular  acceleration  -  rad/sec 


-2 


rad/secH  ■ 

■(  — ]  N/Sec 

(17) 

L  J 

'30' 
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Assume  acceleration  time  "  30  sec  to  go  from  0  to  25,000  rpm 
As  sum  negligible  friction 


.  a  m  TT  (23,000) 
30  30 


87.2  rad/sec2 


1 


.J...2L2 

CC  87.2 


0.588  ft/lb/sec2 


-  19.0  lb/ft2 


From  the  above  analysis,  Figure  76  was  drawn  to  define  the  two  distinct 
operating  rangas  required  for  performance  testing  and  high-temperature 
testing.  Specifications  (References  7,  8,  and  9)  were  established  from 
this  information  and  used  for  selecting  the  optimum  power  absorption  sys¬ 
tem.  This  consists  of  a  6:1  single-stage  high-speed  reducer  manufactured 
by  the  Cotta  Gear  Company  and  a  water  brake  manufactured  by  Taylor  Dyna¬ 
mometer  Company  consisting  of  ten  stages  and  operating  at  a  maximum  speed 
of  9,200  rpm.  The  brake  is  rated  at  900  horsepower  but  is  capable  of  in¬ 
creased  absorption  for  moderate  periods  of  time.  This  hydraulic  dyna¬ 
mometer  was  selected  for  its  unusual  design  features,  particularly  the  ten 
absorber  stages ,  which  offer  great  flexibility  in  operation.  The  stages 
can  be  employed  singly  or  in  combination  to  provide  the  particular  ab¬ 
sorber  capacity  required  for  any  particular  test.  Absorber  stages  car.  be 
added  or  subtracted  by  simply  closing  a  valve  to  a  particular  stage.  In 
addition  to  the  flexibility  of  operation,  this  featurt  should  materially 
improve  the  control  characteristics  as  well. 

The  remaining  features  of  this  facility  are  shown  in  the  installation 
drawing,  Figure  77.  These  other  details  closely  resemble  the  systems  used 
for  the  previous  rig  and  will  not  be  repeated  here. 
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Figure  66.  Tact  Equlpaant  Installation. 
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Figure  69.  Turbine  Test  Stand  Schematic. 
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Based  on  Figure  1  of  October  15,  19«4,  Technical  Report 
Rig  9404  Preliminary  Turbine  Performance  Map 


Hp/pInlet^TIniet  "  °-°°1288  (**N/P)  (*Ah/T)/(*N/VT) 


Toraue/Pjn^et  -  Pound  -  Feet/psia 


Based  on  Figure  1  of  October  15,  1964,  Technical  Report 
Rig  9404  Preliminary  Turbine  Performance  Map 


Figure  74.  Turbine  Torque  Characteristics. 
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Figure  75.  Turbine  Torque  Ch  rar teristics 
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Figure  77.  Turbine 
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3.6  INSTRUMENTATION  DESIGN 


Ina  trimentation  for  the  full-round  rigs  hot  been  designed  to  utilise  ea 
much  of  the  existing  equipment  used  for  the  two-dimensional  cascade  rig  as 
possible;  Indeed,  many  of  the  techniques  used  are  the  same. 

The  full-round  combustor  rig  instrumentation,  Figure  78  end  Table  XIV, 
provides  many  temperature  end  pressure  tappings  in  the  combustor  ares  end 
its  immediate  surroundings,  such  ss  inlet  sir,  cooling  end  diluent  sir, 
end  discharge  passages. 

The  combustor  liner  emperetures  ere  measured  with  surface  thermocouples 
welded  to  the  outside  surfaces  of  the  walls  with  their  leads  routed  out 
either  through  one  of  the  yokes  of  the  inlet  housing  or  across  the  diluent 
air  plenum  to  the  duct  wall,  depending  on  whether  the  thermocouples  are 
reading  inner  or  outer  liner  temperatures.  The  temperatures  in  these 
areas  of  the  rig  dictate  the  use  of  Instrument  Society  of  America  cali¬ 
bration  K  thermocouples  (Chrome  1/Alumel)  of  the  swaged  type  In  an  Inconel 
sheath;  0. 040-inch-diameter  wire  was  chosen  as  representing  the  best  com¬ 
promise  between  ruggedness  and  minimum  interference  with  cooling  and 
cooling  airflows. 

Combustor  static  pressures  are  measured  with  1/16-inch  tubing,  which  pro¬ 
duces  slightly  greater  flow  interference  in  the  cooling  air  passages  but 
which  allows  a  quicker  response  to  pressure  changes  than  could  be  achieved 
with  tubing  the  same  size  as  the  thermocouples. 

Both  pressure  and  temperature  leads  are  carried  some  2  or  3  feet  beyond  the 
test  rig  before  the  change  is  made  to  extension  leads.  This  arrangement 
allows  the  use  of  low-temperature  material,  glass  insulated  thermocouple 
extensions,  and  plastic  tubing  pressure  leads;  and  it  also  eliminates  any 
error  signals  that  might  be  fed  into  the  thermocouple  leads  by  making 
connections  in  a  high-temperature  ares  where  thermal  errors  can  be  intro¬ 
duced  and  oxidation  can  occur. 

Also  provided  for  the  combustor  rig  is  a  rotating  probe  carrying  both 
temperature  and  pressure  profile  instrumentation.  The  heads  are  mounted 
130  degrees  apart  and  will  sweep  through  a  full  circle.  The  probe  may  be 
driven  remotely  to  predetermined  angles,  may  be  rotated  in  both  forward 
and  reverse  directions,  and  may  be  moved  manually  to  any  desired  location 
in  order  to  follow  a  profile  exactly.  The  drive  has  a  single  speed  of  1/2 
rpm,  providing  a  complete  360-degree  traverse  of  either  probe  head  in  2 
minutes . 

The  turbine  stator  testing  will  utilize  a  portion  o;  the  combustor  thermo¬ 
couples  and  pressure  tappings  to  prove  the  consistency  of  combustor  opera¬ 
tion. 

Instrumentation  of  two  sets  of  four  turbine  stator  blades  located  approxi¬ 
mately  180  degrees  apart  will  follow  the  general  practice  of  the  two- 
dimensional  cascade  rig,  with  thermocouples  Inserted  into  the  blade  spar 
from  the  OD  shelf  and  others  passed  through  the  spar  at  an  angle  to  measure 
skin  temperature  from  the  ID  shelf.  Shelf  temperature  will  also  be  picked 
up  by  means  of  thermocouples  embedded  in  the  material. 
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The  general  design  philosophy  of  the  rotating  probe  follows  that  of  the 
traversing  mechanism  used  in  the  Phase  I  rig.  The  probes  make  a  sweep  of 
the  exit  area  from  either  the  combustor  or  the  stator  to  establish  a  pro¬ 
file.  The  same  probe  mechanism  will  be  ueid  for  both  duties,  with  the 
axial  shift  secured  by  means  of  spacers. 

At  the  combustor  exit,  the  flow  is  axial  and  subsonic;  here,  the  vanes 
developed  for  the  cascade  rig  will  be  used.  The  flow  out  of  the  stator 
ring  is  supersonic  and  is  at  an  angle  of  approximately  60  degrees  to  the 
axis  of  tue  engine.  At  this  station,  a  specially  designed  probe  head  must 
be  used,  mounted  in  a  carrier  adjusted  to  present  it  to  the  gas  stream  at 
the  correct  angle.  The  angle  setting  will  be  determined  by  use  of  a  yaw 
probe . 

In  the  rotating  phase  of  testing  (see  Figure  79),  the  combustor  instrumenta¬ 
tion  will  be  retained  and  the  rotating  probe  will  be  removed  to  make  way  for 
the  turbine  rotor.  Some  additional  skin  and  gas  temperatures  and  static 
pressures  will  be  provided,  notably  in  the  cooling  air  ducts  leading  to  the 
rotor. 

Thermocouples  will  be  installed  in  the  turbine  rotor  blades.*  Chromel/ 
Alumel  swaged  wire  thermocouples,  0.025  Inch  in  diameter,  will  be  used,  and 
these  will  be  run  out  through  the  hollow  turbine  shaft  to  a  high-speed  slip 
ring  as  shown  in  Figure  80. 

Two  holes  will  be  drilled  in  the  wheel  by  the  electrical  discharge  ma¬ 
chining,  one  prior  to  attachment  of  the  blades  and  one  after  the  blade  is 
attached.  The  first  hole  will  run  diagonally  from  the  front  face  of  the 
wheel,  through  the  material  of  one  of  the  impeller  vanes  cast  into  the 
wheel,  and  out  to  the  hollow  shaft  near  the  upstream  bearing.  The  second 
hole  will  be  on  a  circular  arc  starting  at  the  front  face  of  the  wheel 
near  the  end  of  the  first  hole  and  running  up  into  the  blade  to  a  speci¬ 
fied  height,  either  midspar  or  near  the  root.  This  curved  hole  will  be 
made  using  a  special  adapter  which  wi  1 1  translate  the  normal  linear 
stroke  of  the  linear  discharge  machine  through  a  system  of  levers  to  the 
arc  required. 

The  thermocouple  will  be  fed  into  the  rotor  from  its  frour  face.  The  Junc¬ 
tion  section  will  be  precurved  and  fed  into  position  first,  and  the  lead  out 
will  be  held  straight  and  passed  down  the  diagonal  hole  and  out  to  the  slip 
ring  in  its  turn.  The  short  length  of  ceramo  wire  that  runs  between  the  two 
holes  on  the  face  of  the  wheel  will  be  secured  with  a  clip. 

After  assembly,  the  thermocouple  will  not  be  spark  welded  into  the  bottom 
of  the  hole  in  the  blade,  but  will  be  held  in  position  by  centrifugal  force. 
This  arrangement  makes  it  possible  to  replace  rotor  thermocouples  in  the 
event  of  failure. 


*  During  actual  buildup, thermocouple#  were  not  Installed  in  the  rotor 
bladee.  Instead,  temperature  indicating  paints  and  frequent  visual 
and  boroscoplc  examinations  were  used  to  monitor  rotor  condition. 
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The  slip  ring  will  be  of  Che  type  developed  by  Che  Boeing  Company  using 
deionized  water  for  cooling,  insulation,  and  lubrication.  It  will  have 
eight  rings  to  allow  four  thermocouples  to  be  used,  and  it  will  be  mounted 
at  the  nondriving  end  of  the  hollow  high-speed  shaft  of  the  speed-reducing 
gearbox.  The  input  and  output  terminals  of  the  slip  ring  are  widely 
separated  (about  3  inches  apart),  and  steps  will  be  taken  to  enclose  the 
slip  ring  in  an  insulating  cover  so  as  to  minimize  temperature  differences. 

Shaft  speed  will  be  sensed  for  overspeed  cut-out-control  purposes  by  a 
magnetic  pickup  at  the  end  of  the  turbine  shaft.  A  castellated  nut  is  used 
to  retain  the  bearing  races ,  and  the  passage  of  the  ten  castellations  will 
be  detected  by  the  magnetic  pickup,  which  is  fed  to  an  amplifier  and 
indicator  system  having  a  preset  overspeed  cut-out  arrangement. 
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TABLE  XIV 

CROSS  REFERENCE  BETWEEN  INSTRUMENTATION  REQUIRED  AND  IN 


4.0  TURBINE  COMPONENT  MECHANICAL  DESIGN 


4.1  TURBINE  COMPONENT  DESIGN 


4.1.1  Introduction  and  General  Arrangement 


The  turbine  rig  was  designed  to  demonstrate  the  capability  of  using 
transpiration-cooled  turbine  technology  for  a  small  (2-5  pps)  gas 
turbine  engine.  Initial  design  effort  was  directed  toward  the  es¬ 
tablishment  of  single-stage  transpiration-cooled  blading  for  both  stator 
and  rotor  for  a  high-temperature,  high-work  turbine  utilising  previous  C-W 
design  information.  Experience  derived  from  the  design,  fabrication,  test- 
ting,  and  development  of  the  eight-blade  cascade  rig  reported  in  Section 

5.2  provides  practical  demonstration  of  these  techniques.  Concurrent  with 
this  design  effort,  a  preliminary  layout  design  of  the  complete  turbine 
component,  including  stator  blade  support  system,  cooling  air  supply  system 
to  the  stator  blades,  rotor  blade  disc  attachment,  disc,  and  cooling  air 
supply  system  to  the  rotor  blades,  was  undertaken.  This  latter  design  ef¬ 
fort  had  two  distinct  phases  which  eventually  led  to  the  final  configura¬ 
tion.  The  Initial  design  phase  Included  a  turbine  rotor  blade  fir-tree 
attachment  to  a  split  disc,  and  the  second  or  final  design  included  an  EB 
welded  turbine  blade-disc  configuration  which  showed  great  promise  (Figure 
31). 

The  turbine  rig  airfoil  structure  is  very  similar  to  the  one  previously  de¬ 
signed  into  the  cascade  blade.  Fundamentally,  the  basic  concept  is  used 
with  slight  modifications  to  form  a  supersonic  stator  blade  and  to  form  a 
high-work  rotor  blade.  Each  stator  blade  is  individually  cantilevered 
from  the  outer  support  structure,  and  the  integral  shells  of  each  blade  at 
both  ends  form  the  cylindrical  gas  passage  walls.  Provisions  are  made  to 
Introduce  cooling  air  to  the  blade  spar  from  underneath  the  inner,  or  un¬ 
supported,  blade  end.  The  inner  ring  assembly  is  positioned  by  individual 
stator  blade  tangs  which  extend  radially  inward,  and  provides  for  the 
source  of  stator  blade  cooling  air,  as  well  as  a  stepped  labyrinth  seal 
system  which  prevents  leakage  from  the  rotor  blade  cooling  air  feed  system. 
The  turbine  rotor  blade  is  cantilevered  from  the  periphery  of  the  turbine 
disc,  where  it  is  EB  welded  to  the  dis' .  Welding  the  blades  to  the  disc 
provides  an  integrated  turbine  rotor  uhaft  assembly  which  is  overhung  from 
the  two-bearing  mainshaft  support  system.  Cooling  air  for  the  rotor  blades 
is  fed  through  the  hollow  disc  and  turned  radially  outward  by  means  of  low 
work  inducers  to  the  shelf  cavity  of  each  rotor  blade  and  then  is  metered 
at  each  blade  to  the  airfoil  cooling  air  passages. 

4.1.2  Stator  and  Rotor  Transpiration-Cooled  Blading 

Stator  and  rotor  blade  design  is  based  on  the  aerodynamic  data  presented  in 
Section  2.1.  Initial  stator  blade  effort  was  concentrated  in  the  design  of 
the  aerodynamic  passage,  where  great  care  was  taken  to  avoid  excessively 
high  suction  side  velocities  upstream  of  the  converging -diverging  nozzle. 
Downstream  of  the  nozzle  throat,  special  attention  was  given  to  the  rate  of 
curvature  on  the  suction  side. 
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Stator  blade  airfoil  praaaura  and  valoclt)  profiles  were  generated  utiliz¬ 
ing  the  aerodynamic  passages  discussed  above*  these  data,  along  with 
the  definition  of  the  airfoil  spar  cross  section,  the  gas  inlet  temperature 
profile,  and  the  cooling  air  temperature  and  pressure,  formed  the  necessary 
input  data  for  the  blade  thermal  design  and  haa?*.  transfer  analysis. 

The  turbine  rig  stator  blade  airfoil  closely  resembles  the  cascade  blade  In 
size  and  shape  except  for  slight  hub  to  tip  section  twist;  therefore,  a 
very  similar  structural  design  of  the  spar  was  utilized.  This  meant  that 
the  cooling  passages,  the  spar  land  width,  and  the  airfoil  tralling-edge 
design  could  be  made  similar  to  the  cascade  blade.  This  final  stator  blade 
airfoil  is  illustrated  in  Figure  81. 

Each  stator  blade  is  individually  cantilevered  from  the  outer  support  as¬ 
sembly  by  means  of  a  stem  extending  above  the  outer  cylindrical  blade  shelf, 
thus  affording  blade  interchangeability.*  The  integral  shelves  of  each 
blade  at  both  ends  of  the  airfoil  form  the  gas  passage  walls.  As  in  the 
cascade  blade,  provisions  are  made  to  introduce  cooling  air  to  the  blade 
spar  from  underneath  the  unsupported  inner  blade  and  through  orifices  in 
the  shelf  which  are  fed  from  a  common  cooling  air  annular  supply  chamber 
located  within  the  inner  ring  assembly.  The  annular  cooling  air  supply 
chamber  is  sealed  from  the  hot  gas  passage  with  piston  ring  type  seals  lo¬ 
cated  on  the  Inside  surface  of  the  inner  blade  shelves  and  away  from  the 
hot  gas  passage.  A  similar  sealing  arrangement  is  used  at  the  outer  blade 
shelf  location,  and  combustion  chamber  diluent  air  is  used  to  cool  the 
blade  attachment.  Blade  shelf-to-shelf  sealing  is  accomplished  by  close- 
fitting  lap-joints.  It  should  be  uoted  that  these  methods  of  sealing  have 
been  successfully  used  by  C-W  on  larger  engine  turbine  stator  blades. 

Utilizing  the  previously  mentioned  thermal  design  data,  a  complete  heat 
transfer  analysis  was  undertaken,  and  the  resulting  blade  section  tempera¬ 
ture  distributions  are  presented  in  Section  4.2,  Also  included  are  the 
sizes  of  cooling  air  passage  orifices  whose  locations  are  specified  on  the 
detailed  blade  design  layout. 

Stresses  due  to  the  aerodynamic  loading  of  the  rig  stator  blade  airfoil  are 
low  and  well  within  the  0.2  percent  creep  strength  properties  of  the  Inco 
713  material  (Figure  82)  which  has  been  selected  for  this  application. 
Utilizing  the  airfoil  temperature  diet r ibutions  discussed  previously,  ther¬ 
mal  stresses  were  calculated  and  found  to  be  acceptable  for  the  expected 
turbine  rig  test  and  are  discussed  in  Section  4.3. 

As  indicated  above,  the  turbine  rig  stator  blade  spar  will  be  cast  of  Inco 
713  material,  and  either  N13S  or  Ni  V  Cb  skin  materials  can  be  utilized. 
These  blade  material  combinations  have  been  used  by  C-W  in  other  applica¬ 
tions,  and  no  fabrication  problems  for  this  blade  assembly  are  foreseen. 


♦Construction  changed  after  initial  tests.  See  Volume  II, 
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Rotor  blade  airfoil  preaaure  and  velocity  profiles  were  generated  after 
completion  of  the  passage  analysis  utilising  the  aerodynamic  passages  dis¬ 
cussed  in  Section  2.1;  these  data,  along  with  the  definition  of  the 
airfoil  spar  cross  section,  the  gas  inlet  temperature  profile,  and  the 
cooling  air  temperature  and  pressure,  formed  the  necessary  input  data  for 
the  blade  thermal  design  and  heat  transfer  analysis.  Since,  in  general,  the 
turbine  rig  rotor  blade  airfoil  is  similar  in  site  and  shape  to  the  cascade 
stator  blade  and  turbine  rig  stator  blade,  a  similar  structural  design  of 
the  spar  was  utilized.  However,  because  the  rotor  blade  rotates ,  the  tip 
structure  of  the  blade  was  reduced  and  the  root  structure  was  increased  to 
provide  an  acceptable  tlp-to-hub  structural  area  ratio  and  centrifugal 
stress  variation.  This  modification  did  not  appreciably  affect  the  airfoil 
spar  and  airfoil  design;  therefore,  the  cooling  air  passages,  the  spar 
land  width,  and  the  airfoil  trailing  edge  design  could  be  made  similar  to 
the  cascade  blade  and  turbine  rig  stator.  The  final  rotor  blade  airfoil 
structure  is  illustrated  in  Figure  83. 

Utilizing  the  previously  mentioned  thermal  design  data,  a  complete  heat 
transfer  analysis  was  undertaken;  the  resulting  blade  section  tempera¬ 
ture  distributions  are  presented  in  Section  4.2. 

Stresses  due  to  the  aerodynamic  loading  of  the  rig  rotor  blade  airfoil  are 
low,  but  due  to  the  high  shaft  speed,  the  airfoil  centrifugal  stresses 
considering  the  skin  material  as  dead  load  are  reasonably  high.  Airfoil 
steady-state  stresses  versus  radius  were  calculated  and  are  shown  in  Figure 

84.  When  these  stress  levels  are  correlated  with  their  respective  tempera¬ 
tures,  it  cen  be  shown  that  this  blade  design  affords  ample  margins  for  the 
expected  turbine  rig  test  program.  The  Mar-M-302  material  selected  for 
this  blade  has  excellent  high-temperature  properties,  as  shown  on  Figure 

85.  In  addition,  thermal  stresses  were  calculated  utilizing  the  above  tem¬ 
perature  distribution  data  and  were  found  to  be  at  an  acceptable  level  for 
the  rig  test  program  scheduled. 

The  turbine  rig  rotor  blade,  as  mentioned  above,  is  made  of  cast  Mar-M-302 
cobalt-base  alloy,  and  the  skin  material  is  made  of  N155  or  Ni  V  Cb  mate¬ 
rial.  The  choice  of  this  blade  spar  material  is  based  on  test  results  at 
C-W  which  have  shown  it  to  be  readily  weldable  to  cast  Inco  718  disc  mate¬ 
rial,  which  will  be  discussed  later.  Although  other  nickel-base  alloys 
would  also  provide  an  acceptable  blade,  these  alloys  present  problems  in  EB 
welding  to  acceptable  disc  alloys.  EB  welding  techniques  in  this  area  con¬ 
tinue  to  progress,  and  it  may  be  possible  in  the  future  to  have  an  alter¬ 
nate  material  with  improved  life  for  the  turbine  rotor  blade.  The  fabrica¬ 
tion  techniques  for  the  selected  rotor  blade  materials  are  established,  and 
no  problems  are  foreseen  in  manufacturing  these  parts  as  designed. 

4.1.3  Turbine  Rotor  Assembly 

Early  in  the  design  of  the  turbine  rig,  it  was  decided  that  the  rotor  blade 
cooling  air  system  should  be  as  leakproof  as  possible.  In  other  words,  it 
should  limit  the  possible  points  through  which  cooling  air  could  leak  from 
the  system  and  thereby  reduce  the  cooling  air  weight  flow  to  that  which  was 
actually  required  to  cool  the  blade.  It  was  decided  that  a  split  disc 
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arrangement  could  best  fill  this  requirement.  Thus,  with  the  cooling  air 
exiting  at  the  OD  of  the  split  disc  system,  each  blade  was  fitted  with  a 
shelf  cavity  for  the  purpose  of  supplying  air  directly  to  the  airfoil  cool¬ 
ant  passages  by  means  of  metering  orifices  located  in  the  shelf  region  of 
the  blade. 

Initial  turbine  rotor  assembly  configurations  incorporated  a  circumferen¬ 
tial  two-tooth,  fir-tree,  and  bolted  split  disc  configuration  (Plgure  86). 
Design  stress  analysis  of  this  arrangement  soon  indicated  that  a  fir  tree 
with  high  tooth  pressure  angles  rotating  at  the  design  shaft  speed  would 
cause  excessive  separating  loads  on  the  two  disc  attachment  rims.  These 
loads  would  then  in  turn  cause  failure  of  the  bolts  holding  the  disc  halves 
together. 

Still  attempting  to  retain  a  circumferential  fir-tree  configuration,  an  ar¬ 
rangement  was  designed  to  reduce  the  fir-tree  pressure  angle  and  thereby 
limit  separating  loads  on  the  two  disc  attachment  rims,  (Figure  87).  Stress 
analysis  of  this  configuration  indicated  that  the  fir  tree  with  a  little 
more  material  would  work,  but  that  the  centrifugal  loading  of  the  disc  rim 
was  excessive  and  required  a  great  deal  of  additional  material  to  reduce 
the  disc  rim  bending  stresses  to  acceptable  limits;  Bee  Section  4.3.  In 
view  of  the  large  amount  of  material  at  the  disc  rim  required  to  make  this 
configuration  acceptable,  it  was  decided  to  investigate  other  design  ap¬ 
proaches  for  the  following  reasons: 

1.  High  assembly  weight 

2.  Design  of  adjacent  structure  complicated  by  large  assembly  cross 
section 

3.  Complication  of  supplying  cooling  air  to  stator  blade 

With  the  development  of  the  design  complexities  of  the  circumferential  fir- 
tree  turbine  rotor  assembly  configuration,  attention  focused  on  alternate 
approaches.  One  of  the  most  direct  methods  of  attaching  blades  to  a  disc 
is  to  integrate  the  blade  and  disc  into  a  single  unit  weldment.  A  survey 
was  made  of  blade  and  disc  alloys  capable  of  withstanding  the  high  temper¬ 
atures  of  the  application,  and  the  most  promising  combinations  were  EB 
welded.  In  general,  the  nickel-base  super  alloyB  presented  more  problems 
than  the  cobalt-base  super  alloys.  From  many  possible  materials,  two  com¬ 
binations  emerged  as  the  best  for  this  application:  Mar-M-302  cast  blade 
with  Inco  718  cast  disc  and  Inco  713  cast  blade  with  Inco  718  cast  disc. 

The  former  combination  has  been  selected  for  the  initial  turbine  rotor  as¬ 
sembly,  while  the  latter  requires  more  welding  development,  but  expecta¬ 
tions  are  that  eventually  these  materials  will  provide  an  improved  turbine 
rotor  assembly.  Welding  of  the  selected  materials  has  been  accomplished 
successfully  with  excellent  results,  and  work  has  progressed  toward  per¬ 
fecting  the  weld  joint  for  the  initial  turbine  rotor  assembly. 


162 


After  selection  of  a  blade-disc  welded  attachment  design,  final  disc 
stresses  were  obtained  utilizing  an  average  radial  thermal  gradient  for  the 
disc  (Figure  88),  which  was  based  on  heat  transfer  analysis  of  the  final 
blade-disc  configuration  discussed  in  Section  4.2.  The  final  disc  stresses 
are  presented  in  Figures  89  and  90.  Fabrication  of  this  turbine  rotor  as¬ 
sembly  (shown  in  Figures  91  and  92)  will  require  little  development  to  ac¬ 
complish  the  EB  welding  of  the  blades  to  the  disc  rim,  except  in  the  area  of 
flxturlng.  The  methods  for  fabricating  the  blade  and  disc  details  are  well 
within  the  state  of  the  art,  as  demonstrated  by  the  successful  work  accom¬ 
plished  on  the  cascade  prototype  blades  during  the  Phase  I  period. 
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Figure  82.  Average  0.2  Percent  Creep  Properties  of  Inco  713C  Casting 
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Figure  84.  Rotor  Blade  Airfoil  Steady-State  Stresses  Vs  Radius 


Figure  85.  Mechanical  Properties  Mar-M-A lloy  302. 


Figure  86.  Rotor  Blade  Cooling  Airflow  Syst 


Radius 


Figure  89.  Disc  Combined  Elastic  Stress  Vs  Radius 


Figure  91.  BLade  and  Disc  Assembly  Welded  Turbine  Rotor  Test  Rig 


4.2 


THERMAL  ANALYSIS 


4.2.1  Turbine  Rotor  Disc  and  Shaft  Assembly 

A  thermal  analysis  was  performed  for  the  turbine  rotor  disc  and  shaft  as¬ 
sembly  to  determine  the  temperature  distributions  in  the  various  areas  of 
concern.  This  information  is  required  for  determining  the  thermal  stresses 
involved  due  to  the  resulting  temperature  gradients  and  for  dimensioning 
the  critical  parts  for  operation  at  the  design  turbine  inlet  temperature  of 
2500°F. 

The  analysis  was  performed  with  the  aid  of  an  IBM  computer  and  the  follow¬ 
ing  conditions: 

1.  Disc  and  shaft  configuration  are  shown  on  Figure  93. 

2.  Turbine  test  rig  assembly  are  shown  on  Figure  31. 

3.  Materials  of  construction  are: 

Disc  and  shaft  -  Tnco  713  LC 
Rotor  blade  and  shelf  -  Mar-M-302 

4.  Rotor  blade  cooling  air  is  supplied  at  610°F. 

5.  Rear  cavity  cooling  air  is  supplied  at  610°F. 

6.  The  predicted  heat  rejection  rates  are  46  Btu/minute  from  the 
#1005  roller  bearing,  70  Btu/minute  from  the  #1004  ball  bearing, 
and  10  Btu/minute  from  the  CGB#B-103020  seal.  Oil  enters  the 
bearings  at  150°F  and  leaves  the  roller  bearing  and  the  ball  bear¬ 
ing  at  196” and  197°F  respectively. 

7.  Leakage  flow  past  the  front  lower  labyrinth  seal  configuration  on 
the  upstream  side  of  the  disc  is  0.00289  pound/second,  and  0.35 
pound/oecond  of  coolant  impinges  on  the  downstream  face  of  the  rear 
outer  labyrinth  seal  of  the  disc. 

8.  Disc  has  a  normal  running  speed  of  50,000  rpm. 

9.  Cooling  air  for  the  rotor  blades  (0.C04866  pound/second/blade) 
flows  through  the  hollow  disc  and  past  an  impeller  blade  which 
increases  the  rotor  blade  cooling  air  pressure  moderately. 

10.  The  coolant  temperature  remains  constant;  that  is,  the  coolant  is 
neither  heated  nor  cooled  by  contact  with  the  disc  and  shaft. 

This  assumption  was  found  to  be  quite  good  and  has  been  checked  by 
means  of  an  energy  balance  which  indicated  that  the  temperature  of 
tl.e  coolant  varied  by  less  than  5®F. 
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11.  The  coolant  temperature  rise  past  the  Impeller  Is  negligible* 

12.  Axial  conduction  across  the  Impeller  blades  is  negligible. 

The  configuration  analyzed  is  shown  on  Figure  93.  This  drawing  also  lo¬ 
cates  the  bearings  and  seals  in  the  assembly  and  shows  the  areas  in  which 
cooling  air  makes  contact  with  the  assembly.  Figures  94  and  95  show  the 
detailed  temperature  distributions  for  the  turbine  rotor  disc  and  the  rotor 
shaft  respectively. 

Figure  96  describes  the  variation  in  disc  temperature  relative  to  the  dis¬ 
tance  from  the  vertical  or  radial  centerline  for  selected  locations  along  « 

the  horizontal  or  axial  centerline.  This  figure  clearly  indicates  the 
small  axial  thermal  gradients  that  exist  in  *~hc  design  and  verifies  as¬ 
sumption  number  12  above. 

It  was  found  also  that  the  thermal  gradients  are  a  maximum  at  the  outer 
radius  of  the  disc  and  decrease  toward  the  disc  centerline  (Figure  97). 

This  is  as  expected,  since  the  major  heat  input  to  the  disc  comes  through 
the  rotor  blade  attached  at  the  disc  outer  diameter.  A  final  thermal  net¬ 
work  system  wan  employed  in  this  region  to  obtain  the  desired  thermal  def¬ 
inition. 

4.2.2  Rotor  Blade 

Various  objectives  for  the  thermal  design  of  these  transpiration-cooled 
blades  are  specified  in  order  to  provide  the  required  blade  life  while  op¬ 
erating  in  the  anticipated  high-temperature  environment  and  are  listed  be¬ 
low  for  reference: 

1.  Maintain  temperatures  in  the  blade  skin  at  or  below  1300°F. 

2.  llaintain  uniform  blade  strut  temperatures  at  or  below  1350°F  ex¬ 
cept  for  the  exposed  trai  ling-edge  region  .where  the  maximum  per¬ 
missible  temperatures  are  limited  by  the  allowable  stress  levels 
of  the  materials  being  used. 

3.  Maintain  the  blade  tip  at  or  below  1500°F. 

4.  Maintain  the  blade  shelf  at  or  below  140U°F. 

5.  Determine  the  coolant  distribution  and  minimum  amour.r  of  cooling 
air  necessary  to  meet  the  above  objectives, 

* 

6.  Specify  cooling  air  orifice  Blzes  necessary  to  achieve  the  re¬ 
quired  coolant  flow  distribution. 

The  framework  within  which  the  thermal  design  was  established  is  detailed 
below: 

1.  Rotor  blade  configuration,  Figure  83. 
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2.  Turbine  test  rig  rotor  ble.de  and  disc  assembly,  Figure  92. 

3.  Turbine  test  rig  assembly,  Figure  31. 

U.  Materials  of  construction: 

Blade  strut,  tip  and  shelf  -  case  Mar-M-302 
Blade  skins,  N155  and  Ni  V  Cb 

5.  Porous  skin  0.020  inch  +  0.002  inch  thick  with  a  uniform  permea¬ 
bility  of  3.6  x  10*11  square  inch. 

6.  Main  gas  stream  velocity  and  pressure  distribution  external  to 
the  blade  as  discussed  in  Section  2.1. 

7.  Main  gas  stream  turbine  inlet  temperature  profile,  Figure  100. 

8.  A  nominal  engine  speed  of  50,000  rptn. 

9.  Coolant  air  supplied  clean  and  particle  free,  at  75  psia  and  pre¬ 
heated  to  610°F. 

10.  Cooling  air  leakage  flow  at  leading  edge  of  shelf  0.0001'  pound/ 

second/blade  and  leakage  flow  at  rotor  shroud  of  0.0029  pound/second. 

Figure  98  shows  the  required  coolant  flow  distribution  and  the  coolant 
passage  orifice  sizes,  assuming  round  orifices,  necessary  to  obtain  this 
distribution.  The  orifice  sizes  are  calculated  on  the  basis  of  compress¬ 
ible  flow  theory  with  discharge  coefficients  for  round  orifices  based  on 
experiments  performed  at  C-W  during  Phase  I  and  reported  previously.  If 
slots  are  substituted  for  round  orifices,  actual  values  of  discharge  co¬ 
efficients  will  need  to  be  determined  experimentally  and  the  orifice  sizes 
will  need  to  be  adjusted  in  order  to  maintain  the  specified  flows  to  each 
channe 1 . 

Figures  99,  100,  and  101  show  detailed  temperature  distributions  for  the 
hub,  mean,  and  tip  sections  of  the  blade;  the  relative  rotor  blade  gas 
temperature  profile;  and  the  blade  section  location.  These  figures  indi¬ 
cate  that,  with  the  exception  of  the  stagnation  point  and  the  trailing 
eage,  the  blade's  thermal  objectives  have  been  achieved.  At  the  trailing 
edge,  the  temperatures  as  shown  in  Figures  99,  100,  and  101  could  have  been 
reduced  further,  but  the  large  coolant  flows  needed  to  obtain  lower  temper¬ 
atures  would  have  required  excessively  large  flow  areas  and  would  have 
weakened  the  blade  structurally. 

The  high  temperatures  at  the  leading  edge  are  due  to  the  fact  that  near  the 
stagnation  point,  the  heat  transfer  coefficient  is  very  large  and  the  blade 
is  unable  to  maintain  a  sufficient  film  blanket  layer  of  transpired  coolant 
to  protect  the  blade  from  the  hot  combustion  gas.  In  addition,  the  leading 
edge  land  is  larger  than  usual  due  to  the  double  EB  weld,  thereby  exposing 
a  relatively  greater  amount  of  surface  area  to  the  hot  gas.  In  order  to 
decrease  the  temperatures  in  this  region  using  the  present  design,  a 
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substantial  increase  in  coolanC  flow  to  Passages  1  and  8,  which  are  on 
either  side  of  the  leading  edge  land,  would  be  needed. 

Figure  102  shows  the  airfoil  metal  temperature  around  the  periphery  of  the 
blade  for  the  hub,  mean,  and  tip  sections  as  ,i  function  of  distance  from 
the  leading  edge.  The  low  temperatuves  obtained  at  approximately  1.3 
inches  from  the  stagnation  point  on  the  suction  side  (773°F)  and  0.85  inch 
from  the  stagnation  point  on  the  pressure  side  are  due  to  the  large  amount 
of  coolant  transpired  through  Passages  4  and  5,  Figure  98  respectively,  in 
order  to  cool  the  trailing  edge  of  the  blade.  Figure  103  shows  the  varia¬ 
tion  in  strut  temperatures  along  a  mean  camber  line  for  all  three  design 
sections. 

The  temperatures  for  the  blade  tip  and  shelf  sections  shown  In  Figures  104 
and  105  are  dependent  primarily  on  the  gas  boundary  layer  temperature.  On 
the  blade  tip,  a  gas  boundary  layer  temperature  of  1500°F  around  the 
periphery  and  1350°F  at  the  tip  can  be  expected.  The  1330"F  at  the  tip 
includes  the  effect  of  the  1  percent  (0.0029  pound/second) of  coolant  in¬ 
jected  in  order  to  help  cool  the  turbine  rotor  shroud.  The  gas  boundary 
layer  temperature  at  the  shelf  (1300°F)  is  influenced  by  the  0.1  percent 
coolant  leakage (0.000289  pound/serond)  past  the  front  inner  lab  seal  con¬ 
figuration  of  the  rotor  disc  assembly. 

4.2.3  Stator  Blade 

The  heat  transfer  analysis  of  the  stator  blades  determined  the  coolant  flow 
orifice  sizes  needed  to  maintain  temperatures  and  the  temperature  gradiert* 
of  the  blade  porous  skin  and  its  strut  material  within  allowable  limits, 
when  using  a  minimal  amount  of  coolant.  The  various  objectives  for  the 
blade  thermal  design  which  are  specified  to  provide  the  required  blade  life 
while  operating  in  the  anticipated  high  temperatures  are  as  follows: 

1  Maintain  porous  skin  temperature  at  or  below  1300°F. 

2.  Maintain  strut  and  shelf  temperature  at  or  below  1500°F. 

3.  Maintain  strut  temperature  gradients  small  enough  to  keep  thermal 
stresses  within  allowable  limits. 

4.  Find  the  flow  of  coolant  required  in  each  channel  to  meet  objec¬ 
tives  1  through  3. 

5.  Size  each  channel  orifice  to  pass  the  required  coolant  flows. 

The  parameters  under  which  the  thermal  design  was  established  are  listed 
below: 

1.  The  blade  configuration  is  as  shown  on  Figure  81. 

2.  The  rig  engine  assembly  is  as  shown  on  Figure  31. 
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3.  The  metal  used  for  strut,  shelves,  sod  tangs  is  cast  loco  713  sod 
In  the  porous  skin,  N1  V  Cb. 

4.  The  porous  skin  is  0.020  inch  +  0.002  inch  thick  and  has  a  perme¬ 
ability  of  3.6  x  lO'H  square  inch. 

5.  Hot  gas  velocity  and  pressure  distributions  around  the  blade  are 
illustrated  in  Section  2.1,  Figures  12  and  13. 

6.  Hot  gas  radial  temperature  profiles  for  the  average  temperature 
conditions  and  for  the  anticipated  maximum  temperature  conditions 
are  shown  on  Figure  109. 

7.  Cooling  air  is  supplied  upstream  of  the  blade  entrance  orifices  at 
100  psia  and  610aF. 

8.  Any  air  leakage  at  shelf  seals  or  between  blade  shelve*  is  not  in¬ 
cluded  in  this  analysis. 

9.  Pressure  loss  coefficients,  for  the  flow  through  the  blade  en¬ 
trance  orifices,  are  determined  from  experimental  data.  This  is 
true  of  all  of  the  orifices,  except  the  large  noncircular  one  for 
channel  3,  Figure  106.  The  velocity  through  this  orifice  is  low 
enough  so  that  the  orifice  loss  is  negligible. 

10,  Temperature  effects  due  to  radiation  from  the  combustion  chamber 
flame  and  walls  are  assumed  to  be  regligible.  With  a  luminous 
flame,  the  "viewing  angle"  with  which  the  blade  "sees"  the  flame 
front  affects  the  anount  of  radiation  to  the  blade.  With  proper 
burner  construction,  the  flame  iront  ends  well  upstream  of  the  in¬ 
let  to  the  blades,  making  this  "viewing  angle",  and  consequently, 
the  luminous  radiation  effects  ate  relatively  small. 

In  this  analysis,  the  temperatures  of  the  hot  gas  flowing  past  the  non- 
porous  sections  of  the  blade  represented  by  the  skin  attachments  are  lower 
than  the  main  stream  gas  temperature  because  of  the  effect  of  the  film 
blanket  layer  from  the  immediate  upstream  transpiration  section.  For  the 
nonporous  trailing  edge,  the  gas  stream  temperatures  are  lower  not  only  be¬ 
cause  of  the  film  blanket  layer  from  the  transpiration  sections  Immediately 
upstream  of  the  trailing  portion  of  the  blade  (Passages  4  and  5,  Figure  98), 
but  also  o^cause  of  the  film  blanket  layer  from  the  next  preceding  upstream 
sections  (Passages  3  and  6).  The  decrease  in  the  hot  gas  temperature  due 
to  the  blanket  layer  from  Passages  3  and  6,  however,  is  small  compared  to 
the  decrease  due  to  blanket  layer  from  the  imnediate  upstream  Passages  4 
and  5. 

Using  thi  j-  r! ,  ?  in  conjunction  with  the  parameters  previously  stated, 
it  vi  e  a  s  r  that  the  original  blade  material,  Rene’'  41,  experienced 
temp<  t  is  and  temperature  gradients  with  consequent  thermal 

stre^  «'>uJd  Induce  premature  blade  failure.  Changing  to  cast  Inco 

713  fu'  .rut,  shelf,  and  tang  material  resulted  in  acceptable,  allow¬ 

able  stresses. 
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The  analysis  of  the  stator  blades  yielded  the  following  results  which  are 
consistent  with  the  objectives  previously  enumerated.  The  porous  skin  tem¬ 
peratures  are  all  below  the  1300°F  maximum  allowable.  The  strut  material 
is  below  the  1500°F  level  stipulated  for  this  raterial  except  for  two  sec¬ 
tions,  one  near  the  leading  edge  and  one  near  the  trailing  edge  where  the 
temperature  is  somewhat  higher.  However,  these  conditions  did  not  produce 
excessive  thermal  stresses  due  to  thermal  distortions  and  have  been  ac¬ 
cepted  for  this  design.  The  cooling  air  requirement,  at  the  specified  con¬ 
ditions  which  include  the  extreme  gas  temperature  gradient  assumed  for  all 
blade  locations, is  0.008147  pound/second/blade,  which  is  a  total  of  0.01874 
pound/second  for  the  23  stator  blades.  This  is  6.22  percent  of  the  total 
engine  airflow  of  3.01  pound/second. 

Figure  106  shows  the  required  coolant  flow  distribution  and  cooling  passage 
orifice  sites  to  achieve  this  result.  The  orifice  sites  are  based  on  the 
test  results  of  Reference  10. 

The  blade  temperature  distribution!  given  for  both  the  maximum  and  the 
average  combustor  exit  profiles  art  given  on  Figures  107  and  108.  These 
profiles  are  discussed  below.  The  .Higher  temperatures  at  the  leading-edge 
portion  of  the  blade  are  due  mainly  to  the  land  proximity  to  the  stagnation 
point,  where  the  heat  transfer  rate  is  very  large  and  the  land  ia  unpro¬ 
tected  by  a  film  blanket  layer  of  transpired  coolant.  In  addition,  the 
leading-edge  land  is  larger  than  the  center-body  landB  due  to  the  double  EB 
weld,  thereby  exposing  a  relatively  greater  solid  surface  to  the  hot  gas. 

The  higher  temperatures  in  the  tralling-edge  portion  of  the  blade  are  due 
to  the  large  solid  areas  which  are  protected  from  the  hot  gas  only  by  a 
film  blanket  layer  of  transpired  coolant.  The  coolant  flows  to  Passages  3 
and  4  which  are  on  either  side  of  the  trailing  edge,  have  increased  to 
thicken  and  extend  this  film  blanketing  layer. 

The  combustor  is  characterized  by  having  circumferential  temperature  peaks 
at  various  circumferential  locations.  These  peaks  form  the  maximum  tem¬ 
perature  conditions  which  the  blades  are  expected  to  experience.  Rotor 
blades  run  through  all  circumferential  conditions  fairly  rapidly,  and  aver¬ 
age  conditions  prevail  for  all  rotor  blades.  Unlike  rotor  blades ,  the 
stator  blades  must  operate  continuously  in  whatever  circumferential  loca¬ 
tion  they  are  placed,  and  those  in  a  location  where  maximum  conditions 
exist  must  be  designed  to  withstand  these  conditions.  The  maximum  and  av¬ 
erage  temperatures  assumed  for  sta':or  design  are  shown  in  Figure  109. 
Combustor  work  is  in  progress  to  alleviate  or  eliminate  the  circumferential 
hot  regions. 

The  shelf  temperature  distributions  are  shown  in  Figures  110  and  111  for 
the  maximum  temperature  conditions  and  in  Figures  112  and  113  for  the  aver¬ 
age  temperature  conditions. 
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Tang  temperatures  are  shown  in  Figure  109.  A  negligible  difference  in  the 
metal  temperatures  shown  results  from  using  either  the  maximum  temperature 
condition  or  the  average  temperature  condition.  Figure  114  shows  the 
variation  of  representative  metal  node  temperatures  with  shelf  gas  temper¬ 
ature  at  average  combustion  exit  conditions.  These  curves  indicate  an  up¬ 
per  limit  of  1685°F  for  the  gas  boundary  layer  if  the  maximum  shelf  temper¬ 
ature  is  to  be  1500°F. 


107 


Figure  94.  Temperature  Distribution  in  Turbine  Rotor  Disc 


Temperature 


Figure  97.  Temperature  of  Teat  Rig  Turbine  Dlac  Vs  Distance  Prom 
Axial  Centerline. 
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Schematic  -  Blade  Section 
Paaaage  Number  Identification 


Paaaagi 

Number 

Orifice 

Diameter 

Coolant 

Flow 

l 

0.0230  in. 

1.7415  lb/hr 

2 

0.0214 

1.5029 

3 

0.0218 

1.5662 

4 

0.0520 

6.0499 

5 

0.0420 

3.7450 

6 

0.0180 

1.0416 

7 

0.0180 

0.  >539 

8 

0.0180 

0.9179 

Total  Coolant  Plow  -  17.5196  lb/hr-blade 
Percent  Total  Engine  Airflow  -  4.38 

Note:  1.  Orifice  Tolerance  0.0005  in. 

2.  Coolant  Flova  Baaed  On  Round  Orifices 


Figure  98.  Turbine  Rotor  Blade  Orifice  Diameters  and  Coolant  Flows  for 
Rig  Engine. 
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Pigure  99.  Turbine  Rotor  Blade  -  Hub  Section  Temperature  Distribution 
Relative  Rotor  Blade  Gas  Temperature  Profile, 


Airfoil  Metal  Temperature  Va  Distance  From  the  Leading  Edge  Along  the  Airfoil  Surface 
for  the  Hub,  Mean,  and  Tip  Sections  of  the  Rig  Engine  Turbine  Rotor  Blade. 
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Figure  102.  Airfoil  Metal  Temperature  Va  Distance  From  Leading  Edge. 


Strut  Temperature  Vs  Distance  Pram  the  Leading  Edge  Along  Mean  Chamber  Line 
for  the  Hub,  Mean ,  and  Tip  Section*  of  Big  Engine  Turbine  Rotor  Blade. 


Figure  103.  Strut  Temperature  V*  Distance  Pram  Leading  Edge 


Figure  105.  Turbine  Rotor  BJade  -  Shelf  Temperature  Distribution 
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Schematic-Blade  Section 

Coolant  Paaaage  Number  Identification 


8  7 


Passage 

Number 

Orifice  Dia 
Inch 

Coolant  Flow 
lb/ sec 

1 

0.0300 

0.000459 

2 

0.0345 

0.000640 

3 

*0.0950 

0.001710 

4 

2-  0.0400 

0.002030 

5 

0.0315 

0.001055 

6 

0.0300 

0.000820 

7 

0.0300 

0.000656 

8 

0.0300 

0.000777 

Total  Coolant  Flow  -  0.008147  lb/sec-blade 
Percent  Total  Engine  Airflow-  6.22% 

3.01  lb/sec  23  Blades 

♦Equivalent 

Maximum  Flow  in  Channels  3  and  4 
Credit  for  Flow  From  Channels  2  and  5 


Notes: 

(1)  Orifice  Tolerance  to.0005  inch 

(2)  Orifices  Sized  for  Square  Edge  Inlets 

(3)  Blade  per  Dwg  LS-29972 


Figure  106.  Orifices  for  Test  Rig  Stator  Blade. 
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For  Location  of  Hub,  Mean,  and 
Tip  Sections  See  Figure  109 


Note:  Q 

All  Temperatures  In  F 

T„  at  Shelves  -  1600°F 

G 


107.  Rig  Engine  Stator  Blade  Temperature  Distribution  for  Maximum 
Temperature  Condition. 


E 


All  Temperatures  in  ? 
TG  at  Shelves  -  1600°F 


Figure  108.  Rig  Engine  Stator  Blade  Temperature  Distribution 
for  Average  Temperature  Condition. 
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Figure  109. 


Gas  Temperature  Profile,  Blade  Section  Locations, 
and  Temperature  Distribution  on  Upper  and  Lower  Tang. 
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Figure  110.  Turbine  Stator  Blade  Upper  Shelf  Temperature  Distribution 
for  Maximum  Temperature  Condition. 


112.  Turbine  Stator  Blade  Upper  Shelf  Temperature  Distribution 
for  Average  Temperature  Condition. 


Figure  113.  Turbine  Stator  Blade  Lower  Shelf  Temperature  Distribution 
for  Average  Temperature  Condition. 


Temperature 


Lover  Stem  (J) 


Gas  Boundary  Layer  Temperature  at  Shelf  -  F 


Figure  114.  Temperature  Variation  of  Repreeentative  Polnte  on  Shelf. 


4.3  TURBINE  COMPONENT  STRESS  ANALYSIS 

4.3.1  Stator  Blade 

The  transpiration-cooled  stator  blade  was  analyzed  by  treating  the  blade  as 
a  beam.  Stresses  due  to  gas  loads  and  steady-state  temperatures  are  shown 
in  Figures  115,  116,  and  117  and  were  calculated  at  three  cross  sections  of 
the  airfoil  spar  defined  as  root,  mean,  and  tip.  The  peak  stresses  occur-  • 

ring  at  each  of  these  sections  is  shown  in  Figure  118,  which  is  a  modified 
Goodman  diagram  of  the  blade  spar  material,  Inco  713  C,  at  1550°F.  These 
steady-state  stresses  are  the  algebraic  sums  of  the  mechanical  stresses  due 
to  gas  bending  and  the  thermal  stresses  due  to  steady-state  temperature 
gradients.  Thermal  stresses  have  significance  in  the  determination  of 
blade  life  due  to  high-  or  low-cycle  fatigue.  However,  in  order  to  evaluate 
low-cycle  fatigue  life,  i.e.,  the  number  of  startup  and  shutdown  cycleB  re¬ 
quired  to  cause  cracking,  it  is  necessary  to  determine  not  only  the  steady- 
state  thermal  stresses  but  the  transient  thermal  stresses  as  well  (Refer¬ 
ence  11).  Because  of  the  small  number  of  required  test  hours,  such  an 
analysis  was  not  conducted  for  this  blade. 

The  following  conclusions  can  be  made,  though,  as  a  result  of  the  limited 
analysis  actually  carried  out: 

1.  The  static  strength  of  the  blade  strut  is  adequate  . 

2.  The  high-cycle  fatigue  life  of  the  blade  strut  is  satisfactory  . 

3.  The  stator  blade  will  not  fail  in  creep  rupture  . 

4.3.2  Stator  Blade  Support  Rings 

The  inner  and  outer  stator  support  rings  shown  in  Figure  119  were  stress 
analyzed  using  pressure  difference  loads  and  accounting  for  thermal  gra¬ 
dients  in  addition  to  the  mechanical  loads  Induced  by  the  stator  vanes. 

Stresses  due  to  the  latter  are  small  compared  to  the  stresses  due  to  pres¬ 
sure  loads  and  temp«  rature  gradients.  The  location  and  magnitude  of  the 
peak  stresses  are  also  shown  in  Figure  119.  These  stresses  are  well  below 
the  acceptable  0.2  percent  yield  strength  of  Rene'  41,  118,000  psi,  the  ma¬ 
terial  from  which  the  rings  are  manufactured. 

4.3.3  Rotor  Blade 


The  transpiration-cooled  turbine  blade  was  analyzed  for  stresses  due  to  gas 
loads,  steady-state  temperatures,  temperature  gradients  and  centrifugal 
loads.  The  blade  was  analyzed  as  a  twisted  beam  of  varying  cross  section 
in  the  determination  of  the  stresses  due  to  mechanical  loads  (rotation  and 
gas  bending),  Table  XV.  Thermal  stresses,  Figures  120,  121,  and  122,  were 
computed  utilizing  C~W  computer  program  Log  970.  This  program,  based  on 
an  analysis  presented  in  Reference  12,  analyzes  an  unrestrained  beam  sub¬ 
jected  to  a  set  of  force  systems  which  satisfy  equilibrium  and  produce  de¬ 
formations  which  are  compatible  with  the  requirement  of  plane  cross  sec¬ 
tions  remaining  plane  after  bending.  Figure  123  is  a  modified  Goodman 
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diagram  of  the  blade  strut  material  at  an  operating  temperature  of  1400°F. 

Also  presented  on  this  figure  are  the  peak  steady-state  stresses  occurring 
at  three  sections  defined  as  root,  mean,  and  tip  and  the  corresponding  pis 
bending  stresses.  These  stresses  are  the  combined  stresses  due  to  gas 
bending,  centrifugal  force,  and  steady-state  temperature  gradients  shown  in 
Figures  120,  121,  and  122.  The  cocments  concerning  low-cycle  fatigue  made 
for  the  stator  blade  are  applicable  here  also. 

4.3.4  Rotor  Disc  and  Shaft 

Stresses  in  the  disc  and  shaft  at  the  operating  speed  of  50,000  rpm  arise 
from 

1.  The  applied  blade  load  of  373,000  pounds/blade  at  the  outer  periph¬ 
ery. 

2.  Disc  body  forces  due  to  rotation. 

3.  Thermal  stresses  due  to  radial  temperature  gradients  in  the  disc. 

4.  Shear  stresses  due  to  the  torque  that  the  shaft  is  required  to  trans¬ 
mit  . 

5.  Bending  stresses  due  to  cantilevering  of  the  disc  with  respect  to 
the  mounts. 

6.  Discontinuity  stresses  arising  as  a  result  of  change  in  geometry 
from  disc  to  shaft. 

A  computer  program  developed  at  C-W  for  calculating  the  stresses  in  discs 
with  variable  thickness  was  utilized  to  determine  stress  levels.  Each  half 
of  the  split  disc  was  run  separately  because  each  had  a  distinct  tempera¬ 
ture  profile. 

Figure  124  shows  the  stress  levels  of  the  disc  and  shaft.  The  highest 
stress  occurs  at  the  bore  and  is  equal  to  the  0,2  percent  yield  stress  of 
the  material  (Inco  718  cast)  at  temperature  for  the  front  segment  and  96 
percent  of  yield  for  the  rear  segment.  The  average  tangential  stress  is 
equal  to  58  percent  of  yield  for  both  segments.  In  this  analysis,  the  cen¬ 
trifugal  effect  of  the  impeller  vanes  between  disc  segments  was  taken  into 
account  by  increasing  the  density  by  a  factor  related  to  the  mass  of  the 
vanes  at  the  appropriate  radial  station.  At  the  periphery,  the  effect  of 
the  blade  weld  restraint  was  considered.  In  the  impeller  vane  webs,  the 
shear  caused  by  the  differential  growth  of  the  two  disc  segments  caused  by 
temperature  differences  was  calculated.  These  effects  were  found  to  be 
small.  The  existence  of  a  full  slot  between  disc  halves  from  the  bore  up 
to  the  radius  at  which  the  impeller  vanes  begin  creates  an  out-of-plane 
bending  condition  in  that  area  due  to  the  assymmetry  of  the  half-disc  seg¬ 
ment.  Calculation  of  this  effect  gives  a  bending  stress  of  7000  psi  at  the 
bore  and  lesser  values  proceeding  radially  outward.  In  the  rear  shaft,  the 
total  bending  stress  due  to  weight  and  eg  unbalance  at  the  forward  bear¬ 
ing  is  1200  psi.  At  the  same  cross  section,  stress  due  to  torque  is  6100 
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psi,  while  at  the  spline  and  of  thj  *l»aft  the  shear  stress  is  35,500  psi. 

A  compatibility  problem  arisaa  at  the  disc-shaft  Intersection  because  of 
disc  growth  under  centrifugal  load,  which  is  0.001  inch  for  a  bore  radius  of 
0.3125  inch  for  an  unrestrained  disc.  Since  the  shaft  has  virtually  no 
growth  due  to  its  own  body  force,  shears  and  moments  exist  at  the  disc- 
shaft  interface  maintaining  compatible  deformations .  In  the  compatibility 
analysis,  unit  loads  were  applied  separately  to  the  common  surface  of  the 
two  elements  to  determine  relative  stiffness;  this  revealed  that  the  disc 
is  nine  times  as  stiff,  indicating  a  shaft  radial  growth  of  0.0009  inch. 
Since  the  bearing  seat  la  adjacent,  a  radial  growth  of  the  inner  raoe  sup¬ 
port  of  0.0006  inch  is  indicated. 

Disc  -  Blade  Attachment  -  Early  Design 

During  the  early  design  phase  of  the  turbine  test  rig,  a  circumferential 
fir  tree  type  of  attachment  was  considered  for  dlsc-to-blade  attachment. 
Because  of  its  complex  geometry,  the  disc,  Figure  125,  could  not  be  ana¬ 
lyzed  using  the  existing  computer  program;  therefore,  the  analysis  was 
performed  as  follows.  The  upstream  half  of  the  disc  was  divided  into  a 
number  of  free  bodies  subjected  to  the  known  centrifugal  and  the  discon¬ 
tinuity  forces  as  shown  in  Figure  126.  The  unknown  forces  were  found  from 
the  conditions  of  equilibrium  of  forces  and  compatibility  of  displacements. 
Having  found  the  forces,  the  stresses  were  then  calculated  and  are  sum¬ 
marized  in  Figure  127.  The  stresses  in  the  downstream  disc  are  similar. 

The  stresses  In  the  outer  regions  of  the  disc  considerably  exceed  the  yield 
stress  of  the  material  (150,000  psi).  This  is  largely  due  to  the  S-like 
shape  of  the  discs'  cross  section,  which  causes  very  high  discontinuity 
moments.  Succeeding  calculations  were  made  to  determine  a  structurally 
adequate  disc  employing  the  fir  tree  design.  The  minimur  permissible  size 
became  so  prohibitive  that  the  fir  tree  type  of  attachment  was  discarded  in 
favor  of  the  previously  discussed  welded  assembly. 
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Figure  117.  Turbine  Stator  Blade  Thermal  Stresses  -  Root  Section 
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Figure  125.  Turbine  Disc  Fir  Tree  Configuration. 
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Figure  127 .  Turbine  Dlac  Strata  Levela  Fir  Tree  Configuration. 
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5.0  EXPERIMENTAL  EVALUATION 


5.1  FABRICATION  TECHNIQUE 

5.1.1  Airfoil  Forming 

Skin  forming  was  accomplished  satisfactorily  for  the  N155  and  N1  V  Cb  mate* 
rials.  Blades  with  these  skins  have  been  subjected  to  14  hours  of  testing 
with  gas  temperatures  ranging  from  1378°F  to  2900°F  without  any  detrimental 
effects.  The  techniques  developed  for  the  cascade  rig  blades  are  readily 
adaptable  to  the  stator  blades  of  the  full  round  rig. 

The  method  used  in  fabricating  the  stator  airfoil  parallels  the  normal  pro¬ 
duction  procedures  in  that  a  cylindrical  mandrel  is  used  for  winding  and 
sintering.  The  part  is  then  hand  rolled,  to  obtain  the  required  thickness 
as  well  as  strength  and  permeability  characteristics.  The  skin  is  finally 
cut  in  two  pieces  along  the  diameter  and  turned  end  for  end  so  as  to  orient 
the  mesh  air  passages  In  the  same  direction  on  each  side  of  the  blade. 

The  rotor  blade  skins,  because  of  blade  tvlat,  are  more  adapted  to  fabrica¬ 
tion  from  porous  sheet  otock.  The  material  is  cut  and  then  formed  on  dies 
for  each  side  of  the  blade.  Orientation  of  the  mesh  air  passage  is  main¬ 
tained  as  in  the  stator  blades.  Techniques  and  experience  gained  on  the 
larger  transpiration-cooled  blades  of  other  programs  are  applicable  to  the 
small  turbine  rig  blade;  thus,  this  accounts  for  the  high  confidence  level 
and  success  in  forming  the  smaller  blades.  Test  specimens  of  the  porous 
skin  on  the  cascade  blades  were  flow  checked,  and  the  anticipated  uniform 
flow  characteristics  were  verified.  Bend  tests  of  specimens  also  were  per¬ 
formed  to  confirm  formability  and  fatigue  strength. 

During  the  early  stages  of  the  airfoil  forming  investigation,  use  was  made 
of  an  elliptical  or  formed  mandrel.  This  offers  interesting  possibilities 
on  the  chape  of  the  airfoil  surface.  Further  study  of  this  technique  would 
be  warranted  for  production  forming  or  for  more  complicated  airfoils. 

5.1.2  Strut  Fabrication 

The  blade  struts  of  the  cascade  rig  were  precision  cast  of  high-strength 
Ren^  41.  Five  representative  spar  castings  were  subjected  to  a  complete 
layout  Inspection  prior  to  machining  and  were  found  to  be  dimensionally 
acceptable.  The  airfoil  sections  of  these  castings  were  almost  perfect; 
contour  variations  were  substantially  below  the  blueprint  allowable  toler¬ 
ance.  Figure  128  shows  three  of  these  spar  castings  (the  two  lines  on  each 
airfoil  were  scribed  during  inspection).  Material  strength,  determined 
from  test  bars  of  the  material  heat  lot,  was  well  above  specification 
values  both  at  -oom  temperature  and  at  1200*F. 

The  stator  spars  for  the  full  round  rig  are  similar  to  those  for  the  cas¬ 
cade  in  that  the  airfoil  section  remains  as  cast  and  only  the  shelf  and 
sealing  surfaces  are  ground.  The  cooling  air  holes  on  the  shelf  as  well  as 
the  instrumentation  holes  for  the  thermocouples  are  formed  by  an  electrical 
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discharge  process.  Fabrication  techniques  for  the  stator  blades  will  be 
essentially  the  same  as  for  the  cascade  with  the  addition  of  curved  shelves. 

The  rotor  blade  spars  are  ground  as  with  the  stators  only  in  the  shelf  area. 

The  grinding,  however,  is  much  simpler  since  the  blades  merely  butt  to¬ 
gether  rather  than  overlap.  A  final  tip  grinding  operation  will  be  re¬ 
quired  after  the  blades  and  disc  are  welded  together. 

* 

5.1.3  Strut-to-Airfoil  Attachments 


The  objective  of  this  phase  of  the  program  was  to  establish  manufacturing 
feasibility,  to  develop  proper  electron  beam  weld  settings,  and  to  evaluate 
fixtures  and  techniques  to  weld  transpiration-cooled  blades. 

Conclusions 


1.  The  electron  beam  welding  process,  when  carefully  controlled,  is 
an  excellent  method  for  Joining  mesh  to  solid  struts. 

2.  Metallurgically  sound  welds  were  obtained  between  cast  Rene/  41 
struts  and  N155  Poroloy  or  Hi  V  Cb  Poroloy  skin  material  combina¬ 
tions,  as  found  in  cascade  stator  blades. 

3.  Dimensionally  acceptable  welds  were  made  on  the  four  Joint  con¬ 
figurations  found  on  the  stator  and  rotor  blades: 

a.  Skln-to-skln  butt  weld  at  the  leading  edge  • 

b.  Land  welds . 

c.  Closure  butt  welds  at  the  trailing  edge. 

d.  Closure  welds  at  the  shoulders. 

4.  A  program  to  weld  a  complete  stator  blade  using  tooling  designed 
and  fabricated  at  C-W  was  successful,  and  the  production  welding 
of  stator  blades  for  the  first  static  rig  has  been  completed  as 
of  this  date. 

5.  A  high-voltage,  low-amperage  electron  beam  welder  of  the  Hamilton- 
Zelss  type  was  found  to  be  the  best  adaptable  machine  for  this  ap¬ 
plication. 

The  feasibility  of  electron  beam  welding  of  porous  skin  to  a  solid  strut 
having  been  effectively  proven,  the  areas  of  major  concentration  in  turbine 
blade  welding  development  were: 

1.  To  establish  skin-strut  material  compatibility. 

2.  To  optimise  weld  settings  and  techniques  for  welding  the  four 
typical  Joints  on  a  blade. 
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The  Initial  welding  development  was  conducted  on  a  Sciaky  electron  beam 
welder,  but  application  considerations  resulted  in  the  choice  of  a 
Hamilton-Zeiss  machine,  which  is  more  adaptable  for  the  precise  welding  re¬ 
quired  In  the  blade  configuration. 

The  stator  blade  material  combinations  investigated  were  cast  Ren£  41  strut 
(WAD  7813)  with  0.020-inch-thick  N155  and  Ni  V  Cb  Poroloy  skins.  Both  com¬ 
binations  proved  to  be  weldable,  and  the  typically  sound  weld  micro¬ 
structures  of  both  are  shown  in  Figures  129  and  130. 

The  following  is  the  analysis  of  the  four  Joints  characteristic  of  the 
blade  design: 


Land  Welds 


"C"  is  weld  surface  depression. 
Joints  marked  ✓are  called 
"Land  Joints"  in  this  report. 
"B"  is  land  weld  penetration 


The  requirement  was  to  determine  the  beam  settings  and  to  develop  a  technique 
to  obtain  a  weld  nugget  that  will  (a)  be  contained  within  the  0.040-inch 
land  surface,  (b)  have  a  minimum  reproducible  depth  of  penetration,  and  (c) 
exhibit  a  reasonably  flush  weld  surface.  The  weld  settings  to  accomplish 
this  were  developed  from  a  series  of  trials,  and  the  resulting  weld  con¬ 
figurations  from  four  samples  were  measured: 


Dim/ Spec  No. 

FLD-3 

FID-4 

FLE-1 

FLE-2  (Leading  Edge) 

A 

0.046 

0.049 

0.053 

0.051 

B 

0.016 

0.017 

0.020 

0.016 

C 

0.003 

0.0016 

0.0018 

0.0023 

D 

0.016 

0.017 

0.017 

0.017 

Although  the  weld  width  dimension  A  exceeds  the  width  of  the  land,  an  im¬ 
provement  at  the  present  time  would  be  at  a  sacrifice  to  the  minimum  skin- 
strut  weld  interface  and  surface  depression.  Although  the  worst  condition 
found  is  sample  FLE-1,  which  overlaps  the  land  by  approximately  0.006  inch  on 
each  side,  it  is  only  0.003  inch  over  the  welding  specification  requirement. 


237 


I 


Leading  Edge 


As  shown  above,  the  leading  edge  of  the  blade  is  made  by  butting  two  pieces 
of  formed  skin  together.  Two  approaches  were  considered:  one  was  to  weld 
the  two  skins  individually,  and  the  other  was  to  weld  the  two  skins  simul¬ 
taneously  to  the  land.  The  latter  was  chosen,  and  the  result  is  shown  in 
Figure  131.  The  weld  was  made  by  fusing  the  Joint  with  one  pass,  followed 
by  three  low  power  cosmetic  passes  which  raised  the  weld  surface.  The  same 
pass  sequence  was  used  for  the  land  welds. 


The  skin  butts  against  the  solid  strut  on  both  sides  of  the  blade.  The 
weld  surface  quality  is  a  function  of  skin  fit-up.  If  the  skin  mates  well 
with  the  step,  the  resulting  weld  is  as  shown  in  Figure  132;  but  in  most 
cases,  a  gap  is  created  from  the  cumulative  shrinkage  of  land  welds,  and 
the  use  of  filler  wire  to  fill  the  gap  is  necessary.  If  the  skin  is  too 
long,  it  is  almost  impossible  to  trim  it  back  for  a  good  fit  for  welding. 
The  additional  weld  passes  that  are  made  on  the  poorly-fitted  joints  cause 
buckling  of  the  trailing  edge.  The  solution  to  this  problem  is  to  care¬ 
fully  cut  the  skins  to  the  proper  length  prior  to  welding,  allowing  0.005 
inch  shrinkage  for  each  weld. 
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Shoulder  Welds 


The  shoulder  closure  welds  as  seen  In  Figures  133  and  134  present  a  very 
sensitive  problem.  The  technique  developed  for  welding  the  shoulders  is 
as  shown  above;  i.e.,  the  blade  la  tilted  at  approximately  5  degrees  to 
the  beam,  and  the  weld  Is  made  by  directing  the  beam  on  the  corner.  Four 
or  five  straight-line  pauses  In  sequence  were  necessary  to  complete  one 
shoulder.  The  problems  arise  when  the  skin  Is  not  In  Intimate  contact  with 
the  shoulder  or  when  the  land  welds,  which  terminate  at  the  shoulder,  have 
excessive  craters.  (There  is  a  characteristic  tendency  to  form  a  deep 
crater  when  the  beam  runs  off  the  part  and  Into  a  shield  or  a  mask.)  The 
resulting  closure  welds  have  localized  depressions  and  cracks.  Any  addi¬ 
tional  weld  passes  to  correct  this  situation  tend  to  buckle  the  shoulders. 

A  solution  to  this  problem  is  threefold: 

1.  Cut  the  skins  squarely,  do  not  chamfer,  and  make  them  to  fit 
snugly  at  the  shoulders . 

2.  Eliminate  weld  craters  by  sloping  out  the  beam. 

3.  If  absolutely  necessary,  use  Hastelloy  X  filler  wire,  but  do  not 
make  more  than  one  weld  pass. 

Figures  135  through  138  show  a  fully  welded  cascade  rig  stator  blade.  A 
cross  section  of  the  blade  (Figure  137)  shows  the  accurate  centering  of 
welds  and  uniform  depth  of  penetration  made  possible  by  the  excellent  tool¬ 
ing  designed  by  C-W.  The  composite  picture  of  the  welded  turbine  blade 
(Figure  138)  demonstrates  the  excellent,  versatile  application  of  the  elec¬ 
tron  beam  process. 

5.1.4  Blade- to-Rotor-DlBc  Attachment 

Mar-M-302  blade  material  was  successfully  welded  to  Inco  718  by  the  elec¬ 
tron  beam  process.  The  material  samples  used  were  1/2  inch  thick,  and  thus 
simulated  the  maximum  weld  thickness  in  the  blade  and  disc  assembly.  Fig¬ 
ure  139  shows  a  cross  section  of  the  weld  at  a  magnification  of  five. 
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Figure  140  is  a  composite  picture  showing  the  weld  and  heat-affected  tone 
in  the  "as  welded"  condition  at  a  magnification  of  one  hundred.  Figure  141 
shows  the  effect  of  aging  on  the  microstructure.  These  photos  indicate  the 
excellence  of  the  electron  beam  welding  technique. 

Tensile  test  specimens  of  0.252-inch  diameter  were  machined  from  the  welded 
test  assembly  to  determine  mechanical  properties  across  the  weld.  The  re¬ 
sults  given  in  Table  XVI  show  the  minimum  and  the  maximum  yield  strengths 
of  five  samples  taken  at  each  of  the  temperatures  shown.  The  tests  were 
continued  to  ultimate  tensile  rupture,  and  all  specimens  were  fractured  in 
the  weaker  Mar-M-302  base  material. 


WELD 

TABLE  XVI 
TEST  MECHANICAL 

PROPERTIES 

Test 

Temp 

(#F) 

Ultimate 

Tensile 

(ksi) 

.2% 

Yield 

(ksi) 

Elongation 

(7.) 

Reduction 
in  Area 

(X) 

Efficiency 
(Weld  Strength  to 
Base  Metal  for  5 
Specimens) 

Room 

Temp 

124.6 

99.2 

3.0 

2.0 

YS  Eff  Range 

947.  -  98.;?. 

116.4 

102.0 

3.0 

1.6 

TS  Eff  Range 
91.57.  -  97.57. 

700 

94.6 

72.4 

4.5 

1.6 

YS  Eff  Range 

887.  -  100+7. 

101.2 

86.5 

2.0 

1.6 

TS  Eff  Range 

9  0"7.  -  100+7. 

850 

97.6 

71.0 

2  2 

1.6 

YS  Eff  Range 

907.  -  100+7. 

109.0 

89.2 

2.0 

0.8 

TS  Eff  Range 

947.  -  100+7. 

1000 

88.7 

69.2 

4.0 

1.2 

YS  Eff  Range 

927.  -  100+7. 

103.2 

84.2 

3.0 

2.8 

TS  Eff  Range 
90.57.  -  ioon 

240 


Efficiencies  were  calculated  from  typical  base  material  values  shown  in 
Table  XVII. 


TABLE  XVII 

BASE  MATERIAL  STRENGTHS 

Material 

Temp 

YS  (ksi) 

TS  (ksi) 

Mar-M-302 

RT 

104 

128 

700 

83 

105 

850 

79 

100 

1000 

75 

98 

Inco  718 

RT 

124 

167 

The  test  panels  were  heat  treated  after  welding  as  follows:  8  hours  aging 
at  1325°F ,  furnace  cooled  to  1150°F  and  held  at  1150°F  for  8  hours,  then 
air  cooled.  A  hardness  check  was  made  across  a  typical  welded  joint  in  the 
as -we ldeci  and  after-aging  condition.  Figure  142  shows  the  hardness  reading 
across  the  weld  and  verifies  the  soundness  of  the  Joint. 

Further  evaluation  of  the  blade  and  dlac  welding  will  Include  stress- 
rupture  tests  of  welded  specimens  and  development  of  techniques  to  weld 
blade  samples  onto  a  solid  dlac.  Othur  blade  material  will  also  be  eval¬ 
uated,  namely,  Inc o  713  LC.  This  material  has  already  been  successfully 
welded  to  Inco  716,  as  shown  in  Figures  143  and  144,  and  further  mechanical 
tests  are  planned  similar  to  those  described  above.  In  this  way,  the  latest 
state-of-the-art  material  and  welding  techniques  will  be  incorporated  in 
the  rig  hardware. 
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Figure  129.  Micrograph  of  a  Typical  Land  Weld.  (The  Strut  Is  Cast 
Rene/  41,  The  Skin  Is  N155  Poroloy.) 


Fgure  130.  Ni  V  Cb  Poroloy  Skin  Welded  to  Cast  Rene/  41  Strut. 
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Pigure  131.  A  Micrograph  of  a  Butt  Weld  at  the  Blade  Leading  Edge.  (The 
Skins  Are  Welded  Together  and  to  the  Leading  Edge 
S  lmul t aneoua ly . ) 


Figure  132.  A  Simulated  Trailing  Edge  Closure  Weld.  (Mo  Filler  Wire  Was 
Required  In  Thla  Specimen.) 


* 
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Figure  133 


A  Shoulder  Cloeure  Weld  Made  by  Tilting  the  Shoulder  at 
5  Degrees  to  the  Beam.  (No  Filler  Wire  Was  Used.) 


Figure  134.  A  Cross  Section  of  the  Shoulder  Filler  Weld 


^  mi  •. 


Plgurf  136.  A  Cross  Section  of  a  Fully  Welded  Blade. 


Figure  135.  Fully  Welded  Convex  Side  of  a  Blade. 
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Figure  139.  Weld  of  Mar-M-302  to  Inco  718  1/2-Inch-Thick  Specimens. 
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Heat-Affected  Zone 


Figure  140.  Photomicrograph  of  Mar-M-302  and  Inco  718. 
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Material  Thickness 


Figure  142.  Hardness  Survey  -  Inco  718  EB  Welded  to  Mar-M-302 


Inco  718 


Figure  143.  Weld  of  Inco  713 
After  Aging. 


Inco  713LC 


!  to  Inco  718  1/2-Inch-Thlck  Specimens  - 
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Mag.  11X 

Figure  144.  Longitudinal  Section  Through  Weld  of  Inco  713  LC  to  Inco  718 
1/ 2-Inch-Thick  Specimens  -  After  Aging. 
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5.2  CASCADE  RIG  DESIGN 


5.2.1  Cascade  Rig  and  Blade  Design 
Cascade  -  Combustor 

The  cascade  rig  combustor  and  blade  holder  have  been  completely  designed 
and  detailed  on  drawings  LS  29955,  sheets  1-5,  and  LS  29982.  (See  Figure 
145.)  The  rig  has  a  rectangular  combustor  made  up  of  graphite  walls  sup¬ 
ported  suitably  by  a  steel  frame  that  will  allow  thermal  expansion  in  any 
direction.  The  primary  section  has  a  headplate  with  vaporizer  tubes  and 
air  cups  in  a  4-inch-long  graphite  panel  duct  of  1.8-inch  by  7.46“inch 
(flow)  cross  section.  This  primary  section  is  cantilevered  forward  from  a 
bulkhead  in  an  existing  10-lnch-diameter  duct  and  is  supplied  with  com¬ 
pressed  air  at  the  desired  inlet  temperature  and  pressure.  The  secondary 
section  consists  of  a  graphite  panel  duct  tapering  to  a  (flow)  cross  sec¬ 
tion  of  0.54  inch  by  7.46  inches  which  is  the  passage  section  for  an  eight- 
blade  cascade.  This  section  contains  adjustable  film  cooling  slots  on  the 
upper  and  lower  walls  to  permit  variation  of  the  temperature  profile  enter¬ 
ing  the  cascade.  The  secondary  section  is  cantilevered  aft  from  the  same 
bulkhead  as  above  and  is  provided  with  secondary  air  for  film  cooling.  The 
overall  burner  length  (primary  and  secondary)  is  about  8  inches.  The  com¬ 
bustor  can  be  tested  and  profile  adjusted  without  installation  of  the 
eight-blade  cascade.  The  mounting  provisions  for  the  blade  assembly  can  be 
used  for  mounting  instrumental  ion  to  measure  exit  profile  conditions. 

The  blade  cascade  consists  of  machined  supports  that  are  mechanically  at¬ 
tached  to  hold  eight  blades  in  position  aft  of  the  combustor,  thus  simulat¬ 
ing  installation  of  the  stator  blades  in  the  turbine  rig.  Because  the  cas¬ 
cade  section  is  rectangular,  flat  strip  seals  are  necessary  and  are  spring 
loaded  to  seal  the  cooling  air  at  the  back  of  the  shelves. 

The  materials  used  for  the  rig  were  chosen  to  assure  dependable  operation 
of  the  high-temperature  components.  AISI  310  or  321  stainless  was  selected 
for  the  bulkheads,  headplate,  aircups,  vaporizer  tubes,  combustor  walls 
support  brackets,  and  blade  holder.  Hautelloy  X  is  used  for  the  two  louver 
plates  for  upper  an C  lower  film  cooling.  The  wave  springs  for  loading  the 
blade  shelf  seals  are  Inconel  X.  The  combustor  wall  material  is  silicon- 
carbide-coated  RVC  graphite.  To  initiate  testing  sooner,  however,  a  Rokide- 
Z-coated  ATJ  graphite  was  used  with  limited  success.  The  main  problem  in¬ 
volved  with  the  graphites  is  the  selection  of  an  erosion-resistant  coating 
that  has  a  thermal  expansion  similar  to  the  graphite.  The  silicon-carbide- 
coated  RVC  graphite  is  a  newly  developed  combination  by  Union  Carbide 
Corporation  having  thermal  coefficients  (coating  and  graphite)  that  are 
nearly  identical  over  a  wide  temperature  range. 

A  one-dimensional  steady-state  heat  transfer  analysis  was  performed  to  de¬ 
termine  the  temperature  distribution  within  the  cascade  rig  in  the  primary 
combustion  zone.  The  resulting  conservative  estimates  indicate  that  there 
will  be  no  thermal  failures:  2900°F  graphite  combustor  wall,  1300°F  com¬ 
bustor  support  brackets,  750°F  rig  housing.  A  two-dimensional  analysis 
considerably  more  complex  and  time  consuming,  taking  into  account  the  end 


253 


effects  of  the  combustor  and  bulkhead,  and  would  more  accurately  estimate 
the  temperature  distribution  but  was  considered  to  be  unnecessary  for  the 
results  required.  Stress  analysis  of  the  graphite  combustor  parts  indicates 
that  a  stress  of  400  psi  might  be  developed  in  bending  on  the  top  and  bot¬ 
tom  walls  for  a  5-psi  pressure  differential,  ’'he  RVC  graphite  has  a  flex¬ 
ural  strength  of  2000  psi;  thus,  there  is  a  large  margin  of  safety  ovei  the 
possible  mechanical  and  thermal  loads. 

Cascade  Rig  -  Stator  Assembly 

The  cascade  rig  was  designed  to  illustrate  that  established  C-W  transpiration- 
cooled  turbine  technology  for  a  relatively  large,  high-temperature  turbine 
could  be  applied  to  turbine  components  for  a  small  gas  turbine  engine.  Ini¬ 
tial  design  effort  was  directed  toward  the  establishment  of  an  eight-blade 
cascade  assembly  arrangement  to  fit  snugly,  as  a  complete  unit,  to  the  cas¬ 
cade  rig  combustion  chamber  rectangular  exhaust  opening.  Within  this  assem¬ 
bly,  each  cascade  blade  is  individually  cantilevered  from  the  upper  support 
structure  by  means  of  a  stem  extending  above  the  upper  blade  shelf ;  the  in¬ 
tegral  shelves  of  each  blade  at  both  ends  of  the  constant  cross-sectional 
airfoil  form  the  gas  passage  walls.  Provisions  are  made  to  introduce  cool¬ 
ing  air  to  the  blade  spar  from  underneath  the  unsupported  blade  end  through 
orifices  in  the  shelf ,  which ,  in  turn,  are  fed  from  a  common  cooling  air 
chamber  located  in  the  lower  support  structure.  The  cooling  air  chamber  is 
sealed  from  the  hot  gas  passage  with  flat  spring -loaded  seals  located  be¬ 
hind  the  blade  shelves  and  away  from  the  main  stream  of  the  hot  gases.  It 
was  intended  that  this  depign  arrangement  simulate  the  piston  ring  sealing 
configuration  that  is  incorporated  in  the  turbine  rig  design.  Blade 
shelf-to-shelf  sealing  is  accomplished  by  close-fitting  lap  joints. 

Cascade  Blade  Design 


Initial  cascade  blade  design  effort,  utilizing  the  stator  mean  section  vec¬ 
tor  diagrams  similar  to  Figure  1,  was  concentrated  in  the  design  of  the 
aerodynamic  passage.  Great  care  was  taken  to  avoid  excessively  high  suction 
side  velocities  upstream  of  the  converging-diverging  nozzle.  In  addition, 
downstream  of  the  nozzle  throat,  special  attention  was  given  co  the  rate  of 
curvature  on  the  suction  side.  The  design  of  the  aerodynamic  gas  passage, 
and  the  ratio  of  nozzle  exit  area  to  throat  area,  is  based  on  experience  ob¬ 
tained  at  C-W  during  recent  turbine  engine  programs.  Airfoil  pressure  along 
with  velocity  profiles  (Figures  143  and  147)  were  generated  utilizing  this 
aerodynamic  passage,  the  airfoil  span  cross  section,  the  gas  inlet  tempera¬ 
ture  profile,  and  the  cooling  air. 

At  this  time  in  the  blade  design,  several  important  design  factors  were 
established  which  are  worthy  of  discussion: 

1.  Cascade  Blade  Attachment  -  Individual  blade  interchangeability  was 
incorporated  in  the  cascade  rig.  A  locating  stem  for  each  blade 
was  used  and  a  loose-fit  locating  dowel  arrangement  was  incorpor¬ 
ated  into  the  stem  to  permit  positive  location  and  yet  allow  the 
composite  blade  assembly  freedom  to  grow  thermally  in  any 
dirt  ction. 
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2.  Size  of  Cooling  Air  Passages  -  Because  of  the  extremely  small  size 
of  the  blade,  the  chordwise  and  spanwise  arrangement  of  the  cool¬ 
ing  air  passages  became  an  early  design  consideration.  Based  on 
C-W  experience  with  larger  transpiration-cooled  turbine  blades, 
the  most  important  design  consideration  is  the  chordwise  and  span- 
wise  external  pressure  gradient  that  the  individual  waffles,  or 
cooling  air  passages,  experience.  Because  the  cascade  blade  is  a 
constant  cross  section,  the  necessary  consideration  of  the  span- 
wise  pressure  gradient  is  eliminated;  therefore,  the  resulting 
cooling  air  passage  chordwise  width  was  primarily  only  a  function 
of  the  chordwise  external  pressure  gradient.  As  a  practical  con¬ 
sideration,  the  blade  span  was  used  as  the  other  dimension.  Tt  is 
also  to  be  noted  that  data  obtained  by  scaling  down  previously 
successful  C-W  large  high-temperature  turbine  stator  blade  waffle, 
or  cooling  air  passage  sizes ,  were  used  as  additional  background 
information  in  arriving  at  the  final  cascade  blade  passage  design. 

3.  Airfoil  Trailing  Edge  -  In  most  of  the  previous  C-W  transpiration- 
cooled  blade  designs,  the  skin  material  and  cooling  air  passages 
are  continued  to  the  airfoil  trailing  edge;  however,  during 

the  past  year,  successful  running  has  been  achieved  with  the  pas¬ 
sages  adjacent  to  the  trailing  edge  blanked  off  and  this  regie n 
cooled  only  by  the  persistence  of  the  film  emanating  from  the  up¬ 
stream  cooling  air  passages.  Because  of  the  high  performance 
goals  set  for  this  turbine  rig,  it  was  necessary  to  keep  the 
trailing  edge  thickness-to-pitch  ratio  within  specific  aerodynamic 
limits.  This  was  achieved  by  terminating  the  ekin-upstream  of  the 
airfoil  trailing  edge  and  forming  a  flush  surface  with  the  solid 
trailing  edge  region  of  the  airfoil. 


Welding  Skin  to  Spar  -  Because  of  the  small  size  of  the  cascade 
blade,  the  spar  lands  must  also  be  kept  small,  or  in  proportion 
to  the  adjacent  transpiration  skin  area, such  that  the  solid  por¬ 
tion  created  by  the  weld  joint  is  not  over-temperatured .  Through 
advanced  EB  techniques  developed  by  C-W, 0 .020-inch  standard  thick¬ 
ness  skins  were  successfully  welded  repeatedly  to  land  width  of 
0.040  inch.  In  addition,  at  the  airfoil  leading  edge  where  the 
pressure  and  suction  side  skins  are  joined,  only  0.050  inch  is  re¬ 
quired  for  successful  skin  attachment.  It  should  be  noted  that 
two  skin  pieces  are  required  due  to  the  distinct  directional  flow 
characteristics  of  the  skin  material;  C-W  testing  has  shown  that 
improved  blade  cooling  and  film  boundary  layer  persistence  can  be 
achieved  if  the  skin  material  is  orientated  such  that  cooling  air¬ 
flow  exists  through  the  skin  material  in  the  direction  of  the  hot 
gases.  Another  distinct  design  feature  incorporated  in  the  cas¬ 
cade  blade  is  the  skin  attachment  weld  at  the  shelf  line.  Again,  a 
very  small  land  is  required  so  as  not  to  create  a  bulk  of  material 
which  cannot  effectively  be  cooled  by  the  adjacent  transpiration 
skin  area.  Through  EB  welding  development,  it  was  found  that  only 
a  0.030  inch  land  was  required; and  by  properly  contouring  the  skin 
an..  by  controlling  the  fit  to  the  shelf  surface, the  skin  material 
could  be  attached  and  also  create  a  smooth  fillet  of  weld  material. 


5.  Thermal  Design  and  Heat  Transfer  Analysis  -  As  previously  de¬ 
scribed,  the  blade  cooling  air  enters  through  the  lower  shelf  by 
means  of  orifices;  these  orifices  meter  air  directly  to  the  indi¬ 
vidual  passages.  A  complete  summary  of  blade  temperatures  and 
orifice  detail  data  is  discussed  in  the  heat  transfer  section. 

6.  Stress  Analysis  -  Stresses  due  to  the  aerodynamic  loading  of  the 
blade  are  low  and  well  within  the  strength  properties  of  Rene  41 
material.  Utilizing  the  airfoil  temperature  distributions  from 
the  heat  transfer  analysis,  thermal  stresses  were  calculated  and 
found  to  be  acceptable  for  the  expected  cascade  test  program. 
Further  details  are  found  in  the  stress  analysis  section. 

7.  Materials  -  During  the  early  design  period,  several  different  spar 
materials  were  suggested;  some  of  those  considered  were  Rene  41, 
Inco  713C ,  Inco  7131.C,  Mar-M  322,  Mar-M  302,  and  In  100.  To  date, 
C-W  has  had  experience  with  all  these  materials.  The  cascade  spar 
material,  Rend  41  (cast),  was  chosen  primarily  because  of  excel¬ 
lent  EB  welding  and  casting  characteristics;  it  hIbo  possesses 
satisfactory  strength  at  a  temperature  to  1500°F.  It  is  to  be 
noted  that  several  of  the  above-mentioned  materials  are  acceptable 
for  thi3  application;  Inco  713C  and  Inco  713LC  both  fulfill  the 
design  requirements.  Initial  blade  design  called  for  an  N-155 
material  because  the  bulk  of  C-W  development  has  been  with  this 
material;  however,  recently,  Ni  V  Cb  has  shown  slightly  superior 
qualities  at  higher  temperatures.  Consequently,  some  blades  were 
also  fabricated  and  subsequently  tested  to  evaluate  this  material 
further. 

8.  Fabrication  -  With  all  cascade  blades  now  fabricated,  only  two 
difficulties  were  encountered.  (1)  EB  welding  of  the  skin  to  the 
spar  was  initially  accomplished  at  too  high  a  setting,  which 
caused  excessive  stretching  of  the  skin  material  as  it  was  attached 
to  the  spar  and  thus  caused  a  poor  fit  at  the  last  weld  joint  near 
the  trailing  edge  of  the  airfoil;  this  was  corrected  by  making 
minor  adjustments  in  the  EB  welding  technique.  (2)  Finishing  of 
the  shelf  lap  joints  prior  to  skin  attachment  caused  a  great  deal 
of  distortion  of  the  sealing  surfaces  in  the  initial  group  of 
blades;  however,  with  the  reduction  of  the  arc  intensity  as  men¬ 
tioned  above  ,  the  later  blade  sealing  surfaces  showed  a  great  deal 
of  improvement.  It  should  be  noted  here  that  the  blade  castings 
were  of  excellent  quality;  therefore,  this  indicates  that  the 
finished  piece  prior  to  skin  attachment  is  easily  produced  by 
existing  manufacturing  methods  (i.e.,  precision  casting,  lost  wax 
method) . 

Initial  feedback  data  from  the  cascade  test  have  indicated  that  stator  blade 
shelf  sealing  may  be  a  problem  with  the  turbine  rig.  To  date,  high-temper¬ 
ature  filler  materials  are  being  used  to  seal  the  lap  joint  >ealing  sur¬ 
faces  with  a  high  degree  of  success.  Additional  design  and  ::est  evaluation 
effort  in  this  area  is  continuing,  however,  to  assure  adequate  sealing  in 
the  full  round  rig. 


5.2.2  Test  Equipment  and  Instruments tlon  Design 
Test  Equipment 

A  schematic  diagram  of  the  test  stand  setup  for  Phase  I  blade  cascade  test¬ 
ing  is  indicated  on  Figure  148,  ami  Figure  149  shows  an  external  view  of 
the  actual  hardware.  Airfoil  measurements  of  combustor  primary  zone  air- 

cosibustor  diluent  airflow,  and  blade  cooling  airflow  were  accomplished 
using  flat-plate,  sharp-edged  orifices  constructed  and  Installed  per  ASME 
standards.  The  airflow  calibration  coefficients  were  obtained  from  Refer¬ 
ence  13.  Flow  read-out  was  by  means  of  liquid  level  manometers. 

Control  of  airflow  was  accomplished  by  using  remote  manual  valve  air  opera¬ 
tors.  Back  pressure  on  the  system  was  adjusted  by  a  remotely  operated 
butterfly  valve.  Operation  of  the  rig  consisted  of  adjusting  airflows  and 
back  pressure.  Main,  diluent,  and  blade  cooling  airflow  had  separate  con¬ 
trol  valves . 

The  blade  cooling  airflow  circuit  was  equipped  with  electrical  heaters  to 
heat  the  air  to  simulated  compressor  discharge  temperature.  A  5-sd.cron 

in  series  with  the  heater  assured  delivery  of  cooling  air  free  from 
dirt,  scale,  or  contamination  from  the  stand  duct  work. 

Downstream  of  the  combustor-cascade  rig,  a  quench  chamber  was  installed. 

Its  function  was  threefold.  First,  it  was  equipped  with  a  water  spray  sys¬ 
tem  to  quench  the  test  rig  exhaust  gases  down  from  2500*F  average  tempera¬ 
ture  to  a  minimum  of  600°F  before  discharging  across  the  back  pressure 
valve.  Second,  it  was  equipped  with  a  traversing  mechanism  which  was 
used  to  translate  a  pressure  and  a  temperature  probe  across  the  burner  exit 
for  profile  measurements.  Third,  it  was  equipped  with  a  window  to  allow 
visual  observation  of  the  burner  and  cascade  exhaust  gases. 

All  of  the  cell  duct  work  was  designed  to  withstand  at  least  full  plant  air 
pressure  of  90  psig  at  maximum  expected  operating  temperatures.  The  quench 
chamber  was  designed  to  hold  full  pressure  at  1500°F  metal  temperature  in 
the  event  that  the  quench  system  failed. 

Instrumentation 


The  design  of  the  stationary  instrumentation  for  the  first  phase  of  the 
program  has  been  on  conventional  lines  using  ceramo  thermocouples  for  metal 
and  gas  temperatures  and  stainless  steel  tubing  for  pressure  tappings.  The 
traversing  probe  used  to  investigate  combustor  exit  conditions  has  been  de¬ 
signed  for  more  arduous  duty  utilising  ceramics  and  noble  metal. 

Static  pressure  was  measured  with  square-edged  tappings  in  the  walls  of  the 
ducts  and  the  primary  combustor.  No  blockages  or  leakages  have  been  found. 
The  traversing  probe  was  fitted  with  an  alumina  head  with  drilled  passages 
for  total  pressure  measurement. 


257 


r 


Chrome  1/Alumel  swaged  wire  thermocouples  (MgO  insulation  in  Inconel  sheath) 
were  used  for  wall  and  gas  temperature  measurements  in  the  burner  area  and 
also  for  measureawnts  of  blade  skin  and  spar  temperatures  in  the  cascade. 
Skin  temperatures  in  excess  of  2400*7  were  found  in  the  center  of  the  upper 
protective  shelf  at  the  combustor  exit.  This  thermocouple  was  mounted  in 
an  alumina  block  and  secured  with  Astroceram  cement  (Figure  150),  snd  the 
integrity  of  the  installation  was  maintained.  No  ocher  combustion-area 
thermocouples  were  subjected  to  unusual  temperatures,  snd  none  failed. 
Thermocouples  mounted  in  the  blades  of  the  cascade  were  of  lighter  construc¬ 
tion  (0.020  inch  snd  0.025  inch  0D  rather  than  0.040  inch),  but  no  failures 
were  experienced  other  than  during  handling.  Improvements  in  the  method  of 
securing  these  thermocouples  are  being  Introduced. 


Trsverslng  Probe 


A  probe  driven  by  s  conventional  C-W  yaw-probe  actuator  has  been  operated 
in  the  combustor  outlet  where  three  temperatures  have  been  read  (see 
Figures  150  and  151) .  Graphs  of  the  temperatures  found  can  be  seen  In 
Section  5.2.3.  Pressure  measurements  uave  also  been  made  and  are  reported 
in  the  following  section.  The  probe  head  is  supported  in  an  Inconel  X 
carrier  snd  is  held  in  position  by  means  of  a  corrugated  Inconel  shim  which 
has  a  spring-clip  effect;  Astroceram  cement  is  packed  around  the  probe  lead 
to  form  a  seal.  The  carrier  rests  on  two  rails  and  is  driven  by  a  tube 
which  also  carries  the  instrumentation  leads  out  of  the  rig.  A  second  tube 
passes  through  the  wall  of  the  rig  opposite  the  probe  actuator  and  serves 
to  equalize  pressure  on  the  carrier,  thus  eliminating  reaction  against  the 
actuator.  Thermocouples  mounted  in  the  walls  of  both  support  tubes  became 
detached  due  to  lack  of  support,  but  not  until  alter  it  h^d  been  established 
that  the  tubes  were  running  cold.  The  material  of  the  probe  head  has  been 
the  subject  of  much  investigation,  and  no  entirely  satisfactory  arrangement 
has  yet  been  found.  The  first  material  chosen  was  boron  nitride  (BN),  but 
very  rapid  oxidation  in  the  hot  stream  occurred;  no  problems  were  experi¬ 
enced  with  this  material  due  to  its  affinity  for  water  in  spite  of  its 
operation  in  a  quench  chamber.  The  material  now  in  use  is  99.9  percent 
alumina  (AI2O3);  severe  thermal  cracking  and  shattering  of  the  probe  head 
was  encountered  in  early  runs,  but  the  thermocouples,  ISA  calibration  "5" 
in  platinum  sheath  of  0.040  inch  diameter,  continued  to  function  after  dam¬ 
age  was  sustained.  Current  efforts  are  axmed  at  refining  the  design  of  the 
alumina  head  to  increase  its  resistance  to  the  high  thermal  loads;  discus¬ 
sions  are  taking  place  with  the  vendor  and  his  supplier,  General  Electric. 
As  a  backup,  Englehardt  Industries  has  been  approached  to  supply  probe 
heads  male  frcm  a  rhodium-iridium  high* temperature  alloy.  The  probe  actu¬ 
ator  has  been  moved  from  its  original  position  and  is  now  attached  directly 
to  the  quench  chamber.  This  change  was  necessary  because  the  movement  of 
the  rig  during  operation  has  a  roll  component  and  the  actuator  was  lifted 
off  of  its  support. 


Pressures  were  read  on  gages  and  on  mercury  manometers.  Temperatures  were 
read  on  push -bur  too  and  strip-chart  recorders.  Traversing  probe  position 
was  measured  on  a  strip-chart  recorder.  No  problems  have  been  encountered 
with  any  of  this  equipment.  The  pressure -measuring  head  on  the  traversing 
probe  was  read  out  on  the  strip-chart  recorder  via  pressure  transducers. 
This  is  a  standard  technique,  and  no  difficulties  are  foreseen. 
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Figure  146.  Turbine  Cascade  Static  Pressure  Distribution 
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Figure  149.  High  Temperature  Turbine  Cascade  Rig 
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Figure  151.  Temperature  Traversing  Probe  Viewed  From  Quench  Chamber. 
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5 . 3  Cascade  Rig  Test 


The  cascade  rig  was  built  to  evaj"'te  cooling  effectiveness  of  the  transpir 
atlonally  cooled  stator  blades  operating  in  a  high- temperature  atmosphere. 
The  testing  accomplished  verified  that  the  blade  cooling  concepts  developed 
for  larger  engines  were  indeed  applicable  to  the  small  gas  turbine.  Total 
burning  time  was  38:15  hours,  with  14:00  hours  accumulated  on  stator  blades. 
Maximum  gas  temperature  across  a  blade  was  as  high  as  2900°F  for  a  duration 
of  1:35  hours. 


Figure  145  is  a  drawing  of  the  rig  which  is  described  in  the  previ¬ 
ous  sections.  The  burner  technology  for  the  headplate  and  aircups  is 
similar  to  that  for  the  full  round  rig.  Silicon-carbide-coated  RVC  graph¬ 
ite  uncooled  liners  were  chosen  for  rig  testing,  since  diluent  cooling  air 
could  be  adjusted  to  vary  combustor  exit  conditions  and  profiles. 

5.3.1  Transverse  Temperature  Profiles 

Temperature  profiles  at  the  combustor  exit  were  taken  by  means  of  a  three- 
thermo  probe  of  platlnum/p.latinum  10  percent  rhodium  thermocouples  in  a 
boron  nitride  head  (see  Section  5.2.2).  The  uncooled  boron  nitride  head 
could  make  about  two  complete  traverses  at  temperatures  varying  from  2500 
to  3000*F  and  then  would  deteriorate.  This  probe  was  replaced  by  one  with 
an  alumina  head  with  a  alight  Increase  in  durability  at  the  higher  temper¬ 
atures.  Shattering  ol  the  alumina  head  took  place  after  a  few  traverses  in 
the  high -temperature  field.  Figure  152  Illustrates  a  probe  after  shatter¬ 
ing.  It  was  suggested  by  the  manufacturer  that  a  probe  of  constant  croBB 
section  would  eliminate  this  problem. 


The  temperature  profile  was  adjusted  by  means  of  the  diluent  baffles,  Item 
27  of  J.S  29955,  Figure  145.  A  total  of  five  configurations  were  tried  in 
an  attempt  to  adjust  the  profile.  The  results  of  these  tests  indicate  that 
the  diluent  baffles  could  adjust  the  profile  only  at  lower  temperatures 
than  design,  and  then  only  modest  adjustments  were  achieved.  The  major 
factor  affecting  the  horizontal  temperature  profile  is  the  headplate  air 
slot  and  fuel  vaporizing  tube  positions.  As  the  temperature  level  is  in¬ 
creased  to  the  design  temperature,  the  percentage  of  total  air  used  as 
diluent  is  decreased,  reducing  the  adjusting  ability  of  the  diluent  air 
baffles  and  allowing  headplate  air  slots  to  be  the  major  influencing  factor 


The  first  configuration  tested  was  a  baffle  with  no  rework  arrangement. 

This  configuration  yielded  a  horizontal  profile  which  can  be  seen  in 
Figure  153.  The  peaks  were  positioned  in  front  of  the  headp^ce  aircups. 

In  order  to  reduce  these  peaks  and  raise  the  rest  of  the  profile,  the 
baffle  rework  consisted  simply  in  welding  the  1-inch  by  0.030-inch-thick 
plates  at  the  exit  of  the  diluent  air  baffles  in  line  with  the  low-tempera¬ 
ture  modes.  Baffle  rework  No.  1  of  Figure  154  illustrates  this  arrange¬ 
ment.  Aa  a  result  of  this  rework,  the  temperature  profile  in  Figure  155  was 
obtained.  This  arrangement  improved  the  profile,  but  there  was  a  hot  spot 
on  the  right  side  of  the  combustion  chamber  exit.  This  type  of  arrangement 
limits  the  film  cooling  and  the  resulting  vertical  profile.  For  this 
reason, baffle  rework  No.  2  (Figure  154)  was  instituted.  The  air  slots  cut 
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Into  the  diluent  baffles  were  to  allow  diluent  air  to  penetrate  the  main 
g&a  stream  In  the  high- temperature  areas,  cauring  mixing  and  temperature 
drop.  Figures  156  and  157  ahow  the  Improved  temperature  profiles  obtained 
from  this  rework.  These  figures  are  modified  to  show  only  the  midstream 
reading  and  blade  cascade  for  use  in  later  discussions. 

In  an  attempt  to  improve  the  profile  still  further,  baffle  rework  No.  3 
(Figure  153}  was  used.  This  configuration  proved  to  be  a  regression, 
allowing  thu  effect  of  the  aircups  to  dominate  the  profile  again.  The 
even  distribution  of  the  slots  shown  did  not  improve  th*  mixing,  and 
Figures  159  and  160  show  the  resulting  temperature  profiles.  As  a  final 
attempt  to  improve  the  profile,  the  configuration  shown  in  baffle  rework 
No.  4  of  Figure  158  was  used,  yielding  the  profiles  of  Figures  161  and  162. 

An  important  consideration  in  the  combustor  exit  temperature  profile  is  the 
ratio  of  the  maximum  local  temperature  with  the  mean.  This  in  effect  is  a 
measure  of  the  maximum  temperature  of  any  peak  compared  to  the  mean.  In 
the  case  of  the  cascade  rig,  this  ratio  was  (Figure  159  and  161) 

mazlanim  local  *R  3200*  +  460  3660  , 

— “=,« - *5  “  KSS'TIK  "  3095  “  1-180‘ 

The  design  ratio  was  (Figure  36) 

maximum  local  *R  2990*  +  460  3450  , 

— snz - tt"  2555*  +  m  “  mu ' 1-135- 


Again  we  see  that  the  two-dimensional  combustor  was  limited  in  equalising  the 
peak  temperatures,  with  the  result  that  the  stators  were  subjected  to  a  much 
greater  range  of  temperature  than  anticipated.  This  fact,  however,  is  en¬ 
couraging  since  it  indicates  the  ruggedness  of  the  stator  design.  As  men¬ 
tioned  above,  the  full  round  combustor  offers  a  better  circumferential 
temperature  profile  because  of  its  annular  vaporizer  and  flexibility  in  ad- 
usting  secondary  airflows. 


5.3.2  Radial  Temperature  Profiles 

The  vertical  temperature  profiles  taken  during  the  circumferential  survey 
of  Figures  161  and  162  are  shown  in  Figures  165  and  166.  It  can  be  seen 
from  the  latter  figure  that  Che  vertical  profile  is  flatter  than  the  design. 
Comparing  the  actual  profile  with  the  design  shows  this  as  follows: 

Peak  to  mean  radial  total  temperature  ratio  -  °R/*R 


Design  (Figure  36) 


2765*  +  460 
2580*  +  460 


3225*R 

3040'r 


Actual  (Figure  169) 


3200*  +  460  3660*R 

3100*  +  460  "  3560*R 


1.06. 


.03. 
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This  flatter  profile  results  la  e  wore  severe  cooling  requirement  then  de¬ 
sign.  Ia  the  full  round  (annular)  rig,  however,  there  Is  w-'-re  latitude  In 
the  combustor  design  which  wakes  It  possible  to  adjust  the  radial  profile 
closer  to  the  desired  1.06  peak /seen  ratio. 

5.3.3  Preasure  Profiles 

Pressure  profiles  were  taken  of  the  last  combustor  configuration  and 
yielded  a  steady  trace  across  the  exit.  For  the  burner  condition  of  Figure 
161  (F/A  ■  0,0284,  average  temperature  -  2120*F),  the  exit  pressure  profile 
varied  as  follows: 


Top  probe  ■  67.5-68.5  pslg 

Mid  probe  ■  63.0-64.5  pslg 

Base  probe  B  69.0  -  69.5  pslg 

For  the  burner  condition  of  Figure  162  (F/A  -  0,037,  average  temperature  ■ 
2638°F) ,  the  exit  pressure  profile  was 

Top  probe  -  68.0  pslg 

Mid  probe  ■  60.0  -  62.0  pslg 

Base  probe  ■  68  pslg 

Location  of  the  total  pressure  taps  was  the  same  as  for  the  exit  thermo¬ 
couples  which  were  positioned  along  the  combustor  exit  span,  as  shown  In 
Figure  165.  The  steady  pressure  traces  attest  to  the  stable  combustion 
attained  and  Indicate  that  there  are  no  areas  of  instability. 

5.3.4  Blade  Cooling  Air 

As  the  turbine  cascade  testing  procee  'ed,  Lt  became  evident  that  further  ef¬ 
fort  would  be  required  on  sealing  the  blade  cooling  air.  Consequently,  a 
series  of  tests  was  performed  to  determine  the  areas  of  leakage  and  to 
initiate  means  to  minimize  this  on  the  component  turbine  tig. 

As  can  be  seen  from  Figure  145,  the  areas  of  potential  leakage  are  at  the 
st  t  seals  under  the  blade  shelves  and  at  the  lap  joints  between  the 
biases.  By  adhering  to  the  close  machining  tolerances  in  these  areas, lt  is 
anticipated  that  the  leakage  will  be  materially  reduced.  This  approach 
will  be  followed  on  the  full  round  turbine  rig.  A  more  direct  approach, 
however,  was  used  on  the  cascade  rig, in  that  the  leakage  paths  were  sealed 
by  high-temperature  sealants,  by  metal  mesh,  and  finally  by  welding.  Advan¬ 
tage  can  be  taken  of  the  metal  mesh  effectiveness  in  the  turbine  rig  design 
by  minor  modifications  if  required. 

In  order  to  obtain  .i  relation  of  the  amount  of  leakage  from  the  various 
areas,  a  cascade  blude  assembly  (Figure  167)  was  flow  checked  in  a  static 
pressure  environment.  By  blocking  off  the  various  leakage  paths  in  se¬ 
quence,  the  following  results  were  obtained: 

Blade  plenum  pressure  9  pslg 

Total  airflow  to  cascade  0.1252  pps 


Airfoil  cooling  flow  (from  calibration)  0.0173  pps 


Total  estimated  seal  leakage  0.0756  pps 

(upper  and  lower  seals) 

Estimated  blade  lap  joint  leakage  0.0323  pps 

(upper  and  lower) 

Ratio  of  blade  joint  leakage  to  seal  43  percent 

leakage 

To  minimize  the  leakage  paths,  a  set  of  blades  was  EB  welded  together  at 
the  blade  joints  and  along  the  seals.  This  assembly  was  then  inserted  in 
the  blade  support  and  the  remaining  jointi  were  closed  with  high -tempera¬ 
ture  flexible  sealant.  The  static  leakage  check  before  and  after  test 
showed  a  leakage  Increase  from  zero  to  35.3  percent  at  the  9-pslg  supply 
pressure. 

A  subsequent  test  with  the  welded  blade  assemblies  was  made  in  which  an 
average  gas  temperature  across  the  cascade  was  25bUa'F  with  2900°F  maximum 
temperature  across  one  blade  (Figure  163) .  Cooling  flow  supplied  to  the 
blade  plenum  ranged  from0.1016  to  0.1106  pps.  The  calculated  airfoil  cool¬ 
ing  air  for  this  condition  was 0.0540  to  0.0579  pps.  This  represents  a 
32.7  percent  to  42.5  percent  Increase  over  the  design  flow.  This  occurred 
because  cold  cooling  air  was  used  so  as  to  keep  blade  temperatures  low  in 
areas  where  gas  temperatures  peaked  to  as  high  as  3200°F.  Maximum  blade 
temperature  recorded  during  this  run  was  1640°F. 

The  final  test  with  the  welded  cascade  assembly  was  made  at  a  reduced  aver¬ 
age  gaf,  temperature  which  resulted  in  an  estimated  gas  temperature  over  tvo 
blades  of  2500 'F  (Figure  164)  .  Cooling  air  was  heated  to  the  limit  of  the 
facility  (445 "F) ,  and  the  resulting  flow  dropped  to  84.8  percent  of  design. 
Maximum  blade  temperature  recorded  was  1645°F. 

The  above-menticr.ad  tests  verify  the  effectiveness  of  the  transpirationally 
cooled  blade  in  operating  at  severe  gas  temperatures.  Further  work  is  in¬ 
dicated  to  minimize  leakage  and  to  Improve  the  combustor  exit  temperature 
profiles.  Ample  consideration  has  been  given  to  both  of  these  areas  in  the 
design  of  the  forthcoming  turbine  test  rig. 

5.3.5  Stator  Cascade  Tests 

Three  series  of  stator  cascades  were  tested  and  may  be  categorized  as 
follows : 

Time  at  Max 


Configuration 

Total  Time 

Max  Temp 

Avg  Temp 

Mean  Temp 

1st  Cascade 

1:45 

:  55 

2093°F 

1793°F 

2nd  Cascade 

7:45 

4:15 

252*#F 

1956°F 

3rd  Cascade 

4:30 

1:35 

2900 °F 

2560°F 
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Five  of  the  blades  from  the  2nd  cases'* «  also  ran  In  the  3rd,  thus  accumu¬ 
lating  ?2:15  hours  total.  The  3rd  cascade  was  tested  at  a  sustained  high 
gas  temperature  to  determine  the  high -temperature  operational  characteris¬ 
tics  which  would  be  encountered  by  the  stators  in  the  hlgh-temperature 
testing  of  the  turbine  component  rig.  This  testing  showed  that  the  blades 
suffered  no  detrimental  effect,  as  noted  by  visual  Inspection  and  subse¬ 
quent  flow  checks  of  the  cooling  air  paasage.  It  Is  to  be  noted  that  the 
maximum  average  temperature  noted  In  the  table  above  ii  the  gas  temperature 
averaged  over  one  blade  span.  The  mean  temperature  Is  ihe  average  over  the 
entire  cascade. 

The  stator  cascade  assembly  is  shown  In  Figure  167.  The  post-test  condi¬ 
tion  of  the  1st  cascade  can  be  seen  In  Figure  168,  the  condition  of  the 
2nd  cascade.  In  Figure  169;  and  the  condition  of  the  3rd  cascade,  in  Figures 
170  and  171.  The  oxidation  seen  on  the  shelf  and  trailing  edge  of  blade 
S/N  35  (Figure  170)  Is  due  to  the  excessive  local  average  ge?  temperature 
of  290C*F,  All  other  blades  were  In  excellent  condition.  The  time  accumu¬ 
lated  by  the  blades  at  the  various  gas  temperatures  Is  summarized  as 
follows: 

Maximum  Average  Temp  -  *F  Number  of  Hours 


1600  - 

2200 

12:25 

2200  - 

2300 

8:55 

2300  - 

2400 

7:15 

2400  - 

2500 

4:40 

2500  - 

2600 

1:35 

2800  - 

2900 

1:35 

Detail  listing  of  blade  spar  and  gea  temperatures  over  individual  blades 
is  given  in  Table  XVIII.  The  applicable  temperature  profile  over  the 
blades  (Figures  156  to  164)  is  noted  in  this  table  as  a  cross-reference. 
Preliminary  heat  transfer  analysis  of  the  test  results  shows  good  correla¬ 
tion  between  actual  and  computed  values  of  blade  spar  temperatures.  Average 
measured  values  of  blade  spar  and  gas  temperatures  are  compared  with  com¬ 
puted  values  for  the  specific  thermocouple  locations  shown  In  Figure  172 
These  average  values  with  the  actual  test  variations  are  shown  below: 


Blade 

Section 

Thermo  Location 

Computed  Temp 

#F 

Average 

Measured 
Temp  *F 

Measured 

Variation 

•f 

TIP 

1st  Land  Suction  Side 

676 

854 

+  81 
-134 

lat  Land  Pressure  Side 

673 

641 

+239 

-131 

Trailing  Edge 

1050 

777 

+193 

-187 

Gas  Temperature 

1953 

1953 

+547 

-588 

272 


Computed  Temp 

Average 

Measured 

Blade 

Section 

Thermo  Location 

*F 

Measured 
Temp  *F 

Variation 

•f 

MEAN 

Leading  Edge  Land 

863 

669 

+  81 
-  59 

Spar  Center 

707 

710 

+190 

-135 

Gas  Taaq>erature 

1936 

1936 

+554 

-856 

HUB 

Trailing  Edge 

1180 

1220 

+625 

-425 

Gas  Temperature 

1985 

1985 

+625 

-425 

A  point  of  interest  in  the  final  cascade  test  wee  that  the  three  new  blades 
(S/N  42,  45,  and  49)  had  Ni  V  Cb  skin  material.  These  blades  showed  a 
(cooler  temperature  pattern  on  the  cooling  air  inlet  side  of  the  shelf.  This 
observation  confirms  results  of  the  full-scale  blade  programs,  indicating 
that  the  Ni  V  Cb  material  is  more  oxidation  resistant  than  the  N155  at  ele¬ 
vated  temperatures.  In  anticipation  of  this  result,  NI  J[  Cb  was  chosen  as 
the  initial  skin  material  for  the  full  round  turbine  test  rig. 


As  a  convenient  reference,  the  following  suaaaary  describes  the  cascade  rig 
test  activity  af'®~  the  initial  rig  startup  and  checkout: 


Date  Build  No  Test  Accomplishment 

3/12/65  5  Rig  tested  with  silicon-carbide-coated  RCV  graphite 

combustion  liners.  Temperature  profile  of  exhaust 
made.  Average  temperature  2193°F.  Probe  deteriorated 
from  temperature  and  binding.  Probe  was  replaced  and 
traversing  mechanism  modified 


3/16/65  6  Temperature  survey  of  combustion  exhaust  made  at  re¬ 

duced  average  temperature  of  1857 *F.  Combustion 
chamber  liners  in  excellent  condition.  Probe  head 
deteriorated;  reworked  track  to  allow  probe  to  be  re¬ 
moved  from  exhaust  gas  at  end  of  travel. 

3/19/65  7  Temperature  survey  made  at  1750*F  average  exhaust 

temperature.  Probe  head  Intact.  Diluent  air  baffles 
reworked  with  blanking  plates  to  improve  temperature 
profile. 


3/23/65  8  Temperature  survey  made  at  same  condition  as  previ¬ 

ous  test.  Temperature  profile  improved.  Rig  removed 
to  Install  stator  blade  cascade. 
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Date 

Build  No 

Test  Accomplishment 

3/31/65 

9 

Hot  cascade  testing  complete  at  same  condition  as 

previous  test.  Flow  check  made  of  blade  leakage. 
Blades  suitable  for  continued  testlig  after  blade 
thermocouple  repair.  Temperature  paint  on  strtor 
support  assembly  (see  Figure  9)  indicated  temperature 
In  film  cooled  passage  sidewalls  was  less  than  90G°F. 

4/7/65  10  Temperature  survey  of  combustion  exhaust  made  uoing 

an  alumina  probe  head.  Traverses  made  at  two  fuel- 
air  ratios  with  average  exhaust  temperatures  of 
1753°F  and  2134#F.  The  probe  head  deteriorated  at 
the  end  of  the  last  traverse.  The  traversing  mechan¬ 
ism  continued  to  bind.  A  shield  was  fabricated  to 
protect  the  probe  from  thermal  shock  due  to  the 
quench  water.  This  profile  was  made  with  a  modified 
diluent  air  baffle  (12  slots).  Temperature  profile 
improved . 

4/13/65  11  Hot  cascade  test  was  performed  under  the  condition  of 

the  previous  low  temperature  profile  test.  The  firs£ 
set  of  stator  blades  was  r&inatrumented  for  this  test, 
and  the  entire  cascade  was  sealed  using  Dow  Corning 
RTV  732  silicon  rubber* which  has  an  upper  temperature 
limit  of  about  500®F  This  seal  was  inadequate  in 
areas  of  elevated  temperature.  Thermocolopaint  indi¬ 
cated  no  excessive  blade  support  temperatures. 

4/19/65  12  The  second  set  of  stator  blades  were  instrumented  for 

a  hot  cascade  test.  Johns-Manville  Flastiseal  "F" 
was  used  as  a  seulant  for  the  cascade.  Upon  shutdown, 
flow  check  indicated  an  Increase  in  leakage. 

4/20/65  12  Reran  second  set  of  Btator  blades.  Could  not  estab¬ 

lish  design  pressure  drop  across  blade  skin  due  to 
excessive  leakage. 

4/29/65  13  Temperature  survey  of  combustion  exhaust  using  second 

alumina  probe  head.  Modified  diluent  air  baffles 
(27  slots)  used  for  this  survey  showed  regression  in 
profile  improvement.  F/A's  of  0.021  and  0.027  estab¬ 
lished  average  gas  temperatures  of  1755°F  and  1956°F, 
respectively.  Probe  mechanism  bound  and  probe  shat¬ 
tered  while  trying  to  establish  a  2500eF  profile. 

4/30/65  14  Hot  cascade  testing  using  the  same  temperature  condi¬ 

tions  as  above  test.  The  first  45  minutes  were  at  an 
F/A  of  0,021  and  an  additional  4:15  hours  were  at  an 
F/A  of  0.0269.  A  positive  blade  plenum  pressure  was 
maintained  during  this  test,  assuring  coolant  flow. 
Bubble  check  made  of  blades  showed  them  to  be  suitable 
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Date 


Build  No 


Teat  Accomplishment 


5/17/05  15 


6/15/65  17 


6/16/65  17 

6/22/65  18 


6/23/65  18 


for  retest  after  cleaning.  The  silicon-carbide- 
coated  RVC  graphite  combustor  liners  showed  deterior¬ 
ation  at  culmination  of  testing. 

Replacements  are  in  work. 

Temperature  survey  of  combustion  exhaust  with  modi¬ 
fied  diluent  air  baffle  (17  slots).  F/A's  of  0.0284 
and  0.037.  Peak  temperature  of  approximately  3200#F 
was  attained.  Probe  head  shattered.  Prepare  for 
pressure  profile  traverse. 

Hot  cascade  test  was  performed  using  F/A  -  0.0284 
(i.e.,  T  ■  2120°F).  Cascade  consisted  of  five  pre- 

fi 

vg 

viously  tested  N155  skin  material  blades  and  three 
new  Ni  V  blades.  Excessive  blade  cooling  air  leakage 
prevented  higher  turbine  Inlet  temperatures . 

Reran  above  conditions  for  photographic  purposes. 

Hot  cascade  test  was  performed  with  a  modified  blade 
plenum  chamber  construction.  The  combustion  inlet 
temperature  was  reduced  to  run  a  2580°F  average  tem¬ 
perature.  Maximum  blade  temperature  was  1640°F  on 
blade  S/N  40. 

Ran  hot  cascade  test  with  F/A  of  0.0298  with  a  pre¬ 
dicted  average  temperature  of  2210°F.  The  purpose  cf 
this  test  was  to  allow  the  use  of  heated  cooling  air 
with  several  blades  in  gas  environments  of  near  de¬ 
sign  conditions.  The  maximum  cooling  air  temperature 
was  445°F;  with  this,  the  maximum  blade  temperature 
was  1645‘:F  on  S/N  39. 
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TABLE  XVIII 

DETAIL  SUMMARY  OF  BLADE  TIME  AND  TEMPERATURE 


Caac ada 

Wo. 

Mult 

Ho. 

T«ap 
Prof 11a 

Pll  No. 

Data 

Hi* 

’  it:  Min 

Aw*  Taap 

F 

Paak  Taap 
°P 

Taap 

Proflla 

ru  wo. 

Tlaa 

Hr: Kin 

Ay*  taap 
°P 

P.ak  TWp 
F 

1 

1 

3/31/65 

:  33 

1739 

1970 

:  50 

1760 

1970 

2 

1767 

187? 

1760 

1970 

3 

1813 

2100 

1660 

1790 

4 

1867 

1813 

1923 

2030 

5 

4/13/65. 

1833 

1970 

1963 

2050 

6 

2093 

2400 

1798 

1940 

7 

1717 

2010 

1853 

1990 

8 

1513 

1943 

1617 

1900 

2 

16 

156 

4/19/65 

2:33 

1778 

1980 

157 

:  10 

2269 

2490 

23 

1778 

1980 

2030 

2220 

35 

4/20/65 

1660 

1790 

2127 

2550 

39 

1923 

2030 

2412 

2630 

40 

1963 

2050 

2233 

2480 

44 

1798 

1940 

2OF0 

2’.90 

48 

1853 

1990 

20J5 

2210 

29 

1617 

1900 

i859 

2170 

i 

16 

159 

4/30/65 

:45 

1747 

1905 

160 

4:13 

1832 

2200 

23 

1378 

1607 

1622 

2050 

35 

1809 

1905 

1996 

2200 

39 

1675 

1905 

1853 

2140 

40 

1652 

2083 

2047 

2420 

44 

2148 

2295 

2328 

2550 

48 

1880 

2230 

2020 

2410 

29 

1753 

I860 

1950 

2150 

3 

35 

161 

6/15/65 

1:15 

2453 

7670 

39 
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Figure  152.  Alumina  Temperature  Traversing  Probe  in  Post-Test  Condition 
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Figure  154.  Baffle  Rework. 
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Figure  156.  Schematic  of  Temperature  Profile  and  Typical  Blade  Test  Data. 
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Figure  160.  Schematic  of  Temperature  Prefile  and  Typical  Blade  Test  Data 
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Figure  168.  Trailing  Edge  of  lat  Cascade  Stator  Blades  In  Post-Test  Condition. 
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Figure  169.  Pressure  Side  Of  2nd  Cascade  Blades  In  Post-Test  Condition 
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5.4  FATIGUE  PROPERTIES 


The  fatigue  properties  of  the  proposed  turbine  blades  are  well  defined 
from  test  experience  on  similar  blades  and  specimens.  The  information 
that  follows  was  generated  under  separate  contracts,  AF  33 (657 >-9058  and 
NOw  64-0501-ci.  This  information  is  technically  applicable  to  the  small 
gas  turbine  and  is  presented  here  for  easy  reference.  Fatigue*  tests  demon¬ 
strated  that  the  basic  assembly  of  skin  and  strut  results  in  a  well  damped 
rtructure  and  that  the  materials  chosen  have  ample  strength  in  the  antici¬ 
pated  environment.  Since  the  design  of  the  proposed  blade  is  based  on  op¬ 
timization  of  elements  from  actual  test  evaluations,  some  of  which  are  de¬ 
scribed  below,  the  confidence  level  in  the  resulting  design  is  understand¬ 
ably  high. 

5.4.1  Room  Temperature  Fatigue 

The  first  evaluation  described  here  concerns  Rene  41,  which  ir  the  material 
for  the  two-dimensional  rig  blades.  This  evaluation  also  investigated  the 
initial  point  of  fatigue  failure. 

Five  spars  or  cast  Rene'  41  material  were  tested  on  the  "beehive"  rig  to 
evaluate  fatigue  strength  of  as-cast  specimens.  The  results  of  these 
tests  were  compared  with  previously  established  specifications  for  the 
blade  material  and  found  to  be  equivalent  as  shown: 

Failure  Stress 
psi  @  Trailing 

Spar  No.  Freq  -  cps  Edge 

1577-1  847  57,000 

1577-2  869  38,400 

1577-3  891  48,000 

1577-4  843  56,400 

1577-5  850  55,300 

Avg  51,000 

Fatigue  strength  of  six  specimens  per  C-W  Heat  Treat  Spec  7813  were: 

High  50,100  psi 

Avg  42,600 

Low  35,100 

The  "beehive"  rig  induces  vibration  by  blowing  air  across  the  tip  of  the 
blade,  causing  it  to  flutter.  The  spar  coupon  was  encased  in  plastic 
steel,,  and  "beehive"  step  bending  fatigue  tests  were  initiated  at  a  stress 
level  of  r000  psi.  The  stress  was  Increased  in  increments  of  +  2,500  psi 
at  the  completion  of  each  4  x  10^  cycle  period.  The  stress  level  was  in¬ 
creased  until  the  fatigue  limit  was  reached.  Metallurgical  inspection. 
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shoved  all  failures  nucleating  from  the  trailing  edge  close  to  the  blade 
shelf.  In  a  few  cases,  the  nucleus  was  along  the  horizontal  length  of  the 
shelf  and  was  probably  due  to  stress  concentration  from  the  sharp  edge 

Correlation  of  the  various  spar  materials  considered  for  use  on  turbine 
rotor  blades  can  be  made  from  the  following  test  report.  This  test  com¬ 
pared  relative  fatigue  strength  of  wrought  Inconel  700,  cast  Rene  41,  cast 
Inconel  713,  and  cast  Stellite  31  at  room  temperature.  It  also  evaluated 
the  effect  of  EB  welding  on  the  fatigue  strength  of  wrought  Inconel  700 
material . 

Results 


1.  Summarized  below  are  the  results  of  the  bending  fatigue  tests 
which  were  conducted  on  four  materials.  Failure  stress,  in  psi, 
and  failure  strain,  in  inch/inch,  are  tabulated.  Test  specimens 
were  1-inch  slabs  with  Poroloy  skin  welded  to  ribs  to  simulate 
blade  construction.  The  Indicate  1  failure  stress  and  strain 
correspond  to  the  values  at  the  outer  fiber  of  the  spar  rib. 


Specimen 

No. of  Test 
Specimens 

Avg  Failure 
Stress  +  psi 

Standard  psi 
Deviation  + 

Avg  Failure 
Strain  in./i 

Cast  Rene^  41 

6 

42,600 

7,500 

0.00133 

Wrought  Inconel  700 

6 

45,400 

3,440 

0.00142 

Cast  Stellite  31 

10 

53,800 

9,440 

0.00165 

Cast  Inconel  713 

4 

54 , 100 

6,300 

0.00174 

2.  Summarized  below  are  the  results  of  the  bending  fatigue  tests  of 
sample  spars  of  wrought  Inccr.el  700  with  and  without  Poroloy  mesh. 
The  values  listed  are  at  the  outer  fiber  of  the  spar  rib. 


Specimen 


No  of  Test 
Specimens 


Avg  Failure  Standard  psi  Avg  Failure 
Stress  +  psi  Deviation  +  Strain  in. /in. 


Wrought  Inconel  700  5 

(Spar  Alone)  6 


45,200  5,380  0.00141 

45,400  3,440  0.00142 


3.  Metallurgical  failure  analysis  limited  to  the  Stellite  31  specimens 
pinpointed  the  failure  nuclei  at  the  rib  of  the  spar  where  the 
electron  beam  welding  is  performed.  The  sectional  properties  of 
the  specimens  are  such  that  the  highest  stresses  are  located  in 
this  area,  and  thus  the  failure  nucleating  at  this  point  is  to  be 
expected . 


Conclusions 


1. 


At  room  temperature,  the  fatigue  strengths  of  both  cast  Inconel  713 
and  cast  Stellite  31  are  essentially  the  same. 


2.  At  room  temperature,  the  failure  stress  of  both  Inconel  713  and 
Stellite  31  Is  between  15  and  23  percent  above  that  of  Ren^  41  and 
Inconel  700. 

3.  Electron  beam  welding  does  not  significantly  affect  the  fatigue 
strength  of  the  wrought  Inconel  700  material. 

5.4.2  High  Temperature  and  Thermal  Fatigue 

Applicable  fatigue  testing  at  elevated  temperature  was  accomplished  on  tur¬ 
bine  blades  of  Inco  700  spar  material  with  an  N155  Poroloy  mesh  airfoil 
electron  beam  welded  to  the  spar  ribs.  These  blade  assemblies  were  tested 
on  an  electromagnetic  shaker  with  a  Lepel  induction  heater  which  raised 
blade  temperatures  to  1200®F.  The  conclusions  drawn  from  this  evaluation 
are  as  follows: 


1.  At  1200°F,  it  took  40  percent  less  strain  to  fail  the  blade  in  the 
traillng-edge  mesh  than  was  required  to  fail  Poroloy  mesh  speci¬ 
mens  at  75®F.  (The  proposed  turbine  rig  blades  are  short  and 
stiff, thus  reducing  entire  strain  level.) 

2.  These  trai ling-edge  mesh  failures  occur  in  the  widest  unsupported 
span  of  mesh.  (On  the  proposed  turbine  rig  blades,  the  unsupported 
section  of  mesh  is  at  least  half  of  that  for  the  blades  tested.) 

3.  At  1200°F,  the  blade  assembly  trailing-edge  spar  failed  at 

a  43  percent  lower  total  tip  amplitude  than  was  required  to  fail 
the  initial  spar  specimen  at  75°F.  (Tip  amplitudes  on  the  pro¬ 
posed  turbine  rig  rotor  blades  are  small  by  comparison.) 


High- temperature  testing  was  also  accomplished  on  SST  blades  of  similar 
configuration  as  above  but  with  Stellite  31  strut  material.  Blade  tempera¬ 
tures  of  1400°F  were  achieved  and  failure  strains  were  reached  at  2.1  x  10^ 
cycles  and  occurred  during  a  fatigue  step  as  in  the  previous  test.  It  is 
Interesting  to  note  that  in  both  cases,  the  fundamental  blade  frequency  was 
about  8  percent  lower  at  elevated  temperatures  than  at  room  temperatures. 


Thermal  fatigue  on  Inco  713  turbine  blades  with  N155  Poroloy  mesh  was 
evaluated  during  the  150-hour  endurance  test  on  a  J65  rig  engine.  During 
this  period  there  was  a  minimum  of  100  starts  and  stops,  thus  providing  a 
thermal  cycle  that  is  realistic  and  of  a  type  actually  encountered  in  a 
practical  installation.  Accelerations  from  one  temperature  condition  to 
another  also  Imposed  thermal  shocks  on  these  blades,  although  to  a  lesser 
degree. 

The  excellent  condition  of  these  blades  after  test  and  detail  inspection 
showed  no  sign  of  thermal  fatigue.  It  is  felt  that  the  above-mentioned 
testing  verifies  the  transpiration  blade  construction  as  sufficiently  rugged 
for  sustained  operation  at  elevated  temperatures. 
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6.0  TEST  PLANS 


Various  tests  are  planned  for  the  turbine  component  test  rig,  teat  equip¬ 
ment,  and  instrumentation  designed  during  the  Phase  I  period  in  order  to 
adequately  determine  the  turbine  performance  characteristics  and  to  demon¬ 
strate  its  high- temperature  operating  capability.  In  general,  these  tests 
are  divided  into  four  categories  culminating  in  the  high- temperature  demon- 
t'  stration.  The  four  test  periods  planned  are  shown  below  in  the  sequence 

anticipated  : 

1.  Combustor  Tests 

|  2.  Turbine  Stator  Tests 

3.  Turbine  Performance  Tests 

4.  High-  Temperature  Tests 

The  test  rig  is  designed  so  that  the  combustor  can  be  tested  Independently 
in  order  to  develop  its  performance  characteristics  before  mating  it  with 
any  of  the  turbine  components.  In  this  way,  the  combustor  discharge  con¬ 
ditions  will  be  better  understood  and  modified  as  necessary  to  minimize  any 
deleterious  effects  on  the  downstream  turbine  blading. 

The  turbine  stator  blades  will  be  added  to  the  combustor  rig  next,  to  show 
their  high- temperature  capability  and  typical  performance  so  that  the  operat¬ 
ing  characteristics  of  the  complete  stage  will  be  more  readily  understood. 

The  third  step,  operation  of  the  complete  stage,  stator,  and  rotor,  will 
be  conducted  at  moderate  temperatures  (1000°F)  to  explore  the  full  operat¬ 
ing  range  of  the  turbine.  Testing  at  the  lower  temperature  will  allow  use  ■ 
of  more  conventional  Instrumentation  in  critical  areas  so  that  true  perform¬ 
ance  will  be  more  adequately  defined. 

The  final  objectives  of  this  test  period  will  be  the  demonstration  of  the 
turbine  operating  at  an  average  turbine  inlet  temperature  of  2500°F  and  the 
determination  of  cooling  requirements  at  this  operating  condition.  Further 
details  of  these  tests  are  Included  in  the  following  sections. 


) 
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6.1 


COMBUSTION  TESTING 


Independent  testing  of  the  combustor  component  of  the  high- temperature 
turbine  test  rig  vlll  be  initiated  in  July  in  order  to  establish  design 
performance  and  durability  in  advance  of  turbine  testing.  Combustor  de¬ 
sign  goals  have  previously  been  set  forth  in  Section  3.2  of  this  report. 

In  brief,  the  combustor  design  goals  are: 

Operating  F/A  Range  -  0,005  to  0,035 

Combustion  Efficiency  -  99. OX  at  0.032  F/A 

Combustor  Pressure  Loss  »  3. OX  of  Combustor  Delivery  Total  Pressure 

Combustor  Exit  Temperature  Distribution  «  As  shown  in  Figure  36 
(Maximum  Exit  Temp  -  1.135  of  Mean  Exit  Temp,  degree  R) 

The  test  setup  for  combustor  testing  will  be  similar  to  that  shown  for  the 
turbine  test  rig  in  Figure  31,  except  that  the  turbine  section  aft  of  the 
combustor  will  be  replaced  by  the  rotating  exhaust  probe  assembly  shown 
previously  in  the  test  equipment  description.  The  exhaust  probe  assembly 
Includes  separate  probe  heads  for  measurement  of  total  temperature  and 
total  pressure.  Each  head  contains  three  sensing  elements  located  radially 
on  the  centers  of  three  equal  annular  area  sections  of  the  exit  annulus. 

The  rotating  probe  assembly  is  capable  of  mapping  both  temperature  and 
pressure  over  the  full  360  degree  arc  of  the  combustor  exit.  Instrumenta¬ 
tion  will  be  provided  at  strategic  locations  in  the  combustor  to  establish 
Internal  flow  distribution,  combustor  pressure  loss,  combustor  exit  pres¬ 
sure,  temperature  distribution  both  radially  and  circumferentially,  com¬ 
bustion  efficiency,  and  liner  metal  temperature  distribution.  A  remotely 
operated  back-pressure  valve  will  be  located  downstream  of  the  exhaust 
probe  assembly  in  order  to  provide  for  adjustment  of  the  operating  pres¬ 
sure  level  from  essentially  atmospheric  conditions  to  that  of  the  turbine 
test  rig  operating  design  point. 

Initial  testing  will  be  conducted  at  reduced  pressure  levels  and  fuel-air 
ratio.  Emphasis  during  this  period  will  be  placed  on  evaluating  and  adjust¬ 
ing  the  stability  range,  combustion  efficiency  level,  exit  temperature  dis¬ 
tribution,  and  ignition  procedures.  Modifications  to  the  combustor  system 
will  consist  primarily  of  changes  to  the  combustor  air  porting  to  adjust 
the  internal  flow  distribution  as  required  by  test  results.  The  severity 
of  combustor  operating  conditions  will  gradually  be  increased  to  that  of 
the  design  point  as  development  of  performance  proceeds.  It  is  anticipated 
that  combustor  testing  will  consist  of  approximately  5  rebuilds  and  25  hours 
of  burning  time. 
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6.2  TURBINE  STATOR  TESTS 


A  series  of  turbine  stators  will  be  evaluated,  incorporating  the  trans- 
piration  air-cooled  blade  concept,  to  establish  preliminary  aerodynamic 
data  ai.c  ■ j  verify,  experimentally,  the  metallurgical,  mechanical,  and 
heat  transfer  performance  of  various  transpiration  cooling  design  para¬ 
meters.  pla*3ee  of  constant  permeability  will  be  operated  at  various  gas 
tcanperatures  anci  various  levels  of  cooling  airflow  to  determine  metal 
operating  temperature  levels. 

The  hot  turbine  stator  cascade  program  will  allow  correlation  of  the  ex¬ 
perimental  results  with  the  analytical  thermal  designs  of  turbine  blade 
components  and  related  coolant  systems.  This  correlation  will  be  made 
with  the  aid  of  computer  programs . 

Approximately  100  hours  of  testing  will  be  accomplished  with  K-  rebuilds. 

The  following  combinations  of  blade  material  or  configuration  will  be 
considered; 

1.  Inco  713  LC  spar  with  N155  porous  skin 

2.  Inco  713  LC  spar  with  Ni  V  Cb  porous  skin 

3.  IN- 100  with  N155  skin 

4.  Mar-M-302  or  509  with  N155  skin 

Together  with  these  combinations ,  the  rotor  bladeB  offer  additional  vari¬ 
ations;  i.e,,  Mar-M-302  spar  material  or  Mar-M-322  and  N155  or  Ni  V  Cb 

porous  skin. 

The  stator  cascade  testing  will  evaluate  the  stator  flow  characteristics 
and  establish  outlet  temperature  profile.  A  parabolic  profile  was  assumed 
in  the  design  phase.  This  was  used  also  to  establish  rotor  cooling  re¬ 
quirements.  The  traversing  probe  of  the  combustor  test  will  be  adapted 
to  the  cascade  to  measure  circumferential  patterns. 

Testing  of  the  annular  cascade  will  initially  follow  the  plan  used  on  the 
two-dimensional  rig,  namely: 

1.  Cold  flowing  of  blades  to  verify  cooling  flow  characteristics. 

2.  Sealing  checks  and  modifications  to  optimize  sealing  configurations. 

3.  Warm  air  checks  on  test  stand  using  preheater  on  main  air  and 
using  both  cold  and  heated  blade  cooling  air. 

4.  Main  combustor  in  operation.  Vary  F/A  ratio  from  low  to  high 
with  control  blade  cooling  flow  to  maintain  blade  spar  at  design 
temperature.  Blade  cooling  air  temperature  will  vary  from  ambient 
to  610°F.  During  this  phase  the  minimum  amount  of  cooling  air  to 
maintain  design  strut  temperature  will  be  determined. 


5.  Short  endurance  runs  at  discrete  turbine  inlet  temperatures 
followed  by  metallurgical  inspection  to  evaluate  condition  of 
airfoil  mesh  and  struts. 

6.  Cyclic  tests  to  evaluate  thermal  fatigue  durability.  Temperatures 
will  be  varied  from  low  to  high  with  main  airflow  in  operation. 
Temperature  cycling  will  also  be  achieved  by  a  series  of  starts 
and  stops. 

Further  testing  to  determine  stator  blade  performance  will  be  done  once 
the  initial  blade  cooling  flows  and  sealing  effectiveness  are  established. 
The  tests  contemplated  in  this  phase  of  the  program  will  Include: 

1.  Establishing  curves  of  main  airflow  versus  turbine  stator  pressure 
drop  at  various  gas  temperatures  and  at  various  amounts  of  blade 
cooling  air.  The  purpose  will  be  to  determine  if  the  cooling 
airflow  will  reduce  temperature  in  the  main  flow  noticeably  at  a 
given  pressure  ratio  and  temperature  condition. 

2.  Determining  the  flow  direction  of  the  air  at  the  blade  exit,  by 
means  of  the  traversing  yaw  probe.  Of  Interest  here  will  be  the 
effect  of  varying  amounts  of  blade  cooling  air  on  flow  devia¬ 
tion. 

3.  Estimating  the  atator  loss  coefficient,  Y ,  by  measuring  total 
pressures  at  the  stator  inlet  and  outlet  (P  and  P  )  and 

in  out 

the  outlet  static  pressure  (P  )  and  then  evaluating  the 

8out 

expression. 


T.  T 

in  out 


‘out  *out 
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6.3  PERFORMANCE  TEST 
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The  test  program  will  be  formulated  in  accordance  with  the  basic  test  pro¬ 
gram  described  In  the  statement  of  work:  This  shall  Include  approximately 
40  h^urs  of  testing  to  establish  the  aerodynamic  performance  map. 

The  goal  of  the  testing  will  be  to  determine  two  maps:  (1)  the  map  generated 
by  the  turbine  with  no  secondary  (cooling  air)  supplied  to  either  stator  or 
rotor,  and  (2)  the  map  generated  by  the  turbine  with  both  stator  and  rotor 
operating  with  design  or  optimum  percentage  cooling  flows.  The  map  genera¬ 
ted  by  the  turbine  with  no  cooling  air  will  provide  a  performance  baseline 
with  which  the  turbine  can  be  compared  when  operating  "cooled". 

To  obtain  chese  two  maps  will  require  approximately  all  of  the  allotted  40 
hours  of  testing;  nevertheless,  two  additional  goals  will  be  sought:  one, 
determine  the  a  h/T  versus  WN/P  characteristic  over  a  range  of  speeds  at 
design  pressure  ratio  with  only  stator  cooling  air  turned  on,  and  two,  deter¬ 
mine  the  same  characteristics  with  only  rotor  cooling  air  turned  on.  These 
will  help  provide  answers,  at  design  pressure  ratio,  to  these  questions: 

What  is  the  effect  of  a  transpiration-cooled  stator  operating  with  cooling 
air  on  turbine  performance,  and  what  is  the  effect  of  the  rotor  operating 
cooled  on  turbine  performance?  The  test  of  cooling  flow  only  to  the  stator 
has  particular  meaning  cor  a  multistage,  high- temperature  turbine  in  which 
the  inlet  temperature  is  such  that  only  the  stator  requires  cooling.  The 
second  test  adds  an  additional  flow  conslderatlm  to  the  already  complica¬ 
ted  main  flow  in  the  rotor  and  already  complies :ed  secondary  and  boundary 
layer  flows  of  the  rotor.  Appreciable  radial  flows  of  lov  velocity  may 
occur  and  produce  unforseen  choking,  separation,  and  flow  deviation  phenomena, 
all  of  which  could  prevent  attainment  of  the  design  or  reference  nap  condi¬ 
tion.  Approximately  200  test  points  will  be  run. 

The  rig  has  been  designed  to  facilitate  expeditious  removal  and  replacement 
of  stator  blades,  the  rotor  disc  assembly,  the  exhaust  housing,  and  instru¬ 
mentation  without  the  removal  of  the  basic  test  rig  and  within  the  period 
of  one  working  shift.  Two  rotor  discs  are  available  to  permit  replacement 
in  the  event  any  difficulties  develop. 

The  test  program  and  basic  procedure  to  be  followed  will  be  the  same  for 
each  map.  In  general,  the  test  plan  outline  has  been  established  to  experi¬ 
mentally  develop  program  information  in  terms  of  the  following: 

1.  Establish  the  mechanical  integrity  of  the  turbine  test  rig. 

2.  Establish  the  effects  of  a  range  of  cooling  airflow  rates  on 
design  point  performance  in  order  to  select  the  cooling  airflow 
rates  for  the  map  at  off-design  conditions. 

3.  Establish  the  overall  turbine  performance  map  over  a  range  of 
speeds  from  40  percent  to  110  percent  design  speed  and  pressure 
ratios  from  those  corresponding  to  50  percent  of  design  ideal 
enthalpy  drop  to  those  corresponding  to  limiting  loading  with  and 
without  blade-cooling  airflows. 
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4.  Establish  the  turbine  performance  (Ah/T  vs  WN/P)  over  a  range  of 
speeds  at  design  pressure  ratio:  (1)  with  only  stator  cooling  air 
turned  on,  (2)  with  only  rotor  cooling  air  turned  on. 

5.  Compare  the  overall  performance  of  each  configuration  with  respect 
to  a  baseline  turbine. 

During  the  initial  test  period,  a  shakedown  of  the  turbine  test  rig  will  be 
conducted  to  verify  that  the  rig  operation  is  free  of  critical  speeds 
throughout  the  entire  operating  range  and  that  the  mechanical  integrity  of 
the  rig  and  the  instrumentation  satisfy  the  requirements  of  the  program. 

After  this  period,  the  program  will  start  in  the  low  speed  (about  20,000 
rpm)  low  pressure  ratio  (about  1.4)  range. 

Incremental  changes  in  pressure  ratio  and  subsequently  in  speed  toward  the 
design  point  will  be  effected  in  a  carefully  planned  approach  to  Bearch 
for  unexpected  critical  operating  zones  for  the  rig  or  the  instrumentation 
and  equipment.  Exit  surveys  will  be  accomplished  during  this  period  to 
familiarize  personnel  with  the  test  techniques  and  to  evaluate  data  reduc¬ 
tion  methods  which  have  been  formulated  to  analyze  the  test  measurements. 
Following  the  shakedown,  the  test  rig  will  be  operated  at  the  design  point. 
The  design  test  point  will  be  set  initially  without  blade  cooling  airflow. 
Total  pressure,  absolute  flow  angle,  total  temperature,  and  specific  mass 
flow  will  be  measured.  Primary  airflow  will  be  carefully  monitored  because 
testing  by  NASA  and  Curtlss-Wrlght  has  indicated  that  there  is  the  tendency 
for  transonic  turbines  to  fall  to  pass  the  design  weight  flow. 

Following  the  design  point  survey,  a  complete  performance  map  will  be 
generated  by  setting  a  total-to-total  pressure  ratio  of  approximately  1.4 
and  entrance  total  temperature  of  610° F  and  varying  speed  from  50  to  110 
percent  rpm  in  10  percent  rpm  increments.  Each  speed  point  will  ^e  run 
without  cooling  airflow  at  ambient  temperature,  as  applicable.  Subsequently, 
the  same  procedure  will  be  repeated  at  higher  pressure  ratios  in  pressure 
ratio  increments  of  0.1  until  the  limit-loading  condition  is  reached, 
estimated  to  be  in  the  neighborhood  of  2.7  pressure  ratio.  This  limit - 
loading  condition  is  determined  when  no  additional  shaft  work  is  produced 
with  increasing  pressure  ratio.  At  each  point,  data  to  be  obtained  include 
turbine  weight  flow,  rotative  speed,  torque,  inlet  total  temperature,  inlet, 
Interstage  and  exit  static  pressures  at  the  hub  and  tip,  exit  absolute  flow 
angle,  exit  total  pressure,  and  exit  total  temperature.  Test  stand  plots  of 
shaft  output  (dynamometer  horsepower),  primary  and  secondary  airflow,  and 
Interstage  static  pressures  as  functions  of  rpm  will  be  maintained. 

Next,  the  teat  will  be  repeated  with  both  stator  and  rotor  cooling  air- 
flous  operating  and  set  to  design  percentages  and  the  ratio  of  cooling  air 
supply  pressure  (stator  and  rotor)  to  turbine  inlet  total  pressure  noted. 

It  is  Intended  that  the  cooling  airflow  rate  for  off-design  points  will  be 
determined  by  maintaining  this  same  ratio  of  cooling-to-primary-air-supply 
pressure  ratio.  By  so  doing,  it  is  felt  that  this  simulates  operation  of 
such  a  turbine  in  the  actual  engine  where  compressor  bleed  would  be  the 
cooling  air  source. 
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At  each  point,  data  to  be  obtained  include  turbine  weight  flow,  rotative 
speed,  torque,  inlet  total  temperature,  inlet,  interstage  and  exit  static 
pressures  at  hub  and  tip,  exit  absolute  flow  angle,  exit  total  pressure, 
exit  total  temperature,  secondary  airflows,  and  secondary  air  inlet  pressure 
and  temperature.  Test  stand  plots  will  be  maintained  as  before. 

It  is,  in  order  to  detail  some  of  the  operating  techniques  and  test  proce¬ 
dures,  to  be  used  for  the  test  settings  and  for  measurement  and  collection  of 
performance  test  data.  For  test  operation,  the  primary  external  air  supply 
will  be  manipulated  through  the  use  of  a  waste-gate  bleed  arrangement  and 
an  indirect-fired  preheater  to  set  the  turbine  entrance  conditions.  The 
rotor  speed  will  be  set  Ly  means  of  the  water  brake  dynamometer.  The  map 
will  be  generated  along  lines  of  constant  pressure  ratio.  This  survey  may 
be  repeated  for  duplicate  conditions,  but  with  a  flow  rate  of  cooling  air 
above  and  below  the  design  rate  to  examine  the  influences  of  cooling  flow 
at  selected  off-design  operating  conditions.  To  ensure  representative  flow 
survey  data,  extreme  care  will  be  taken  to  provide  steady-state  and  constant 
inlet  and  exhaust  conditions  at  the  turbine. 

Prior  to  assembly  of  the  turbine  as  a  unit,  it  is  planned  to  flow  check  the 
components  in  the  following  manner.  Individual  stator  bladeB  will  be  flow 
checked  to  a  nominal  value  to  minimize  blade  to  blade  flow  deviations.  Next 
the  complete  stator  ring  annulus  assembly  will  be  flow  checked  to  establish 
its  corrected  flow  versus  pressure  ratio  characteristics.  All  the  preceding 
tests  will  be  carried  out  at  ambient  static  external  conditions.  This  stator 
testing  may  be  a  new  assembly  or  may  be  the  stator  used  in  the  testing  of 
Section  6.2. 

In  a  similar  manner,  the  individual  rotor  blades  will  be  tested  and  then 
the  entire  rotor  assembly  flow  tested  after  it  is  welded  together.  This  will 
be  done  in  "free  air"  and  within  the  turbine  casing.  Flow  testing  (non- 
rotating)  within  the  casing  will  be  in  conjunction  with  establishing  typical 
pressures  within  the  various  passages  that  supply  air  to  the  rotor  and 
labyrinths.  These  tests  are  all  directed  toward  establishing  the  pressure- 
flow-leakage  characteristics  of  the  system. 

These  tests  provide  technical  information  as  to  the  flow  characteristics  of 
the  system,  provide  information  for  heat  transfer  analysis  and  studies, 
and  provide  data  to  which  recourse  can  be  made  during  rotating  tests.  For 
example,  a  high  stator  blade  metal  temperature  reading  during  hot  running 
could  be  discounted ,  if  during  the  cascade  testing  it  was  showr  the  metal 
ran  cool  for  the  same  pressure  and  airflow. 


6.4  HIGH-TEMPERATURE  TEST 


Ten  hours  of  testing  are  allotted  to  demonstrate  turbine  operation  at  the 
following  conditions: 


Avg  TIT  °F 


Test  Hr 


1600-2200 

2200-2400 

2400-2500 


5 

4 

1 


The  Initial  running  will  be  with  deslgr,  blade  cooling  airf?  >ws  modified  by 
the  experience  gained  during  the  turbine  stator  test.  Expedience  gained  in 
the  previous  performance  testing  will  assist  in  setting  specific  design 
points.  During  this  test,  the  main  combustion  chamber  will  be  in  operation 
to  achieve  the  above-mentioned  turbine  inlet  temperatures,  and  the  rotor  will 
be  turning  at  speeds  up  to  55,000  actual  rpm. 

Once  the  blade  cooling  has  been  established  and  the  power  absorption  equip¬ 
ment  checked  out  to  the  maximum  speed  condition,  the  turbine  will  be  opera¬ 
ted  to  demonstrate:  (1)  turbine  inlet  temperature  of  2500°F,  (2)  percent 
cooling  airflow  required,  and  (3)  140  Btu/per  pound/per  second  actual  Ah. 
This  testing  will  take  place  after  teat  experience  has  been  gained  at  the 
lower  temperature  points. 

Two  rebuilds  are  anticipated  for  this  phtse  of  the  test  evaluation.  The 
instrumented  turbine  rotor  disc  will  be  installed  on  the  second  rebuild, 
During  this  testing,  the  rotor  cooling  air  effectiveness  can  be  evaluated 
and  possibly  modified  to  optimize  the  flow  requirement 

At  the  completion  of  the  demonstration  run,  an  ai  .mate  blade  material 
may  be  tested.  The  evaluation  of  alternate  materials  will  be  at  maximum 
conditions  for  a  stabilized  time  period  to  assure  steady-state  temperature 
soak  conditions.  It  is  anticipated  that  turbine  parts  will  be  available 
to  continue  short  endurance  tests  even  after  the  10  hours  allotted  have 
been  completed.  If  so,  these  parts  will  be  evaluated  at  high  temperatures 
and  speeds,  temperature  cycling,  and  endurance  demonstrations  so  as  to  in¬ 
crease  the  accumulated  hot  time  on  parts.  Frequent  inspection  of  parts  and 
careful  monitoring  of  Instrumentation  will  minimize  the  risk  of  major  damage 
occurring  during  test. 

Metallurgical  inspection  of  the  blades  and  discs  after  test,  as  well  as 
static  cooling  airflow  checks,  will  attest  to  the  turbine  condition.  Areas 
of  particular  concern  to  be  inspected  will  include  the  turbine  disc  at  the 
weld  joint  to  the  blades  and  also  the  turbine  exit  housing  and  the  high 
speed  turbine  bearings.  There  are  adequate  spares  to  assure  that  testing 
can  proceed  at  a  minimum  of  down  time  for  parts. 
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11.  A|»V!UCV - 1  1  . . . .  . . 

ThM  report  describes  the  aerodynamic,  thermal,  and  aechanical  design  and  analysis, 
fabrication,  and  experimental  evaluation  of  a  transpiration  cooled,  single  stage 
axial-flow  turbine  component  capable  of  operation  at  2500rVF  average  inle'c 
temperature.  Combustor  design  and  development  and  test  rig  design  are  described, 
as  well  as  stator  vane  hot  thermal  and  cold  aerodynamic  cascade  testing.  The 
objective  of  the  program  was  to  advance  and  demonstrate  h?-*  turbine  inlet  tech¬ 
nology  for  use  in  a  gas  generator  with  a  compressor  pressure  ratio  of  B  to  10  and 
an  airflow  of  4  pounds  per  second.  Additional  objectives  included  turbine  work  of 
140  Btu  per  pound  of  airflow  at  a  high  level  of  turbine  efficiency.  Phase  I  report 
presents  the  design  and  analysis. and  Phase  II  report  gives  the  details  of  manufacture 
and  results  of  test  evaluations.  On*  hundred  hours  of  complete  stage  testing  were 
accomplished  with  2  hours  at  2500*  F.  The  cascade  rig  was  tested  for  87  hours  which 
Included  1.2  hours  at  2650*  F,  All  Hading  was  in  excellent  condition  after  the 
tests  and  confined  the  efficacy  of  he  thermal  design  and  transpiration  cooling  as 
applied  to  mall  sice  blading,  A  werk  of  133  Btu  per  pound  was  achieved  at  a  low 
level  of  efficiency,  attributable  to  stator  profile  shape  and  low  aspect  ratio.  One 
hundred  thirty-seven  hours  of  combustor  testing  at  an  average  exit  temperature  of 
2500*  F  was  accomplished  with  operating  characteristics  consistent  with  the  turbine 
requirements.  It  was  concluded  that  the  advanced  technology  incorporated  in  the 
turbine  design  relative  to  blade  cooling  and  turbine  aechanical  integrity  are 
practical  and  can  be  applied  to  the  design  of  advanced  small  gas  turbines. 


